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ABSTRACT
A phenomenological model of kinetic and diffusion con-
trolled reaction is used in the modelling of the energetic
oxidation of zirconium cladding at elevated temperatures in
air at one atmosphere. Employing models developed in NUREG/
CR0649, a numerical analysis of the propagation of vigorous
oxidation in a spent fuel storage pool following hypotheti-
cal drainage is performed. Energy transfer via conventional
heat transfer mechanisms, levitation and convection of par-
ticulate, and combustion of zirconium vapor is addressed.
Numerical simulation of data obtained at Sandia National
Laboratories is performed.
The results of the pool-wide analysis indicate that
propagation of runaway zirconium oxidation from recently
discharged to older fuel assemblies is highly dependent on
the fuel storage configuration and minimum spent fuel decay
time. It is shown that the minimum decay time to prevent
carryover from spent fuel stored adjacent to recently dis-
charged fuel (\90 day decay time) is approximately 2 years.
Propagation via zirconium particulate is found to be a
minor effect. It is concluded that the generation of zir-
conium vapor is highly unlikely, and that at worst it could
only intensify the oxidation reaction within a given fuel
holder, without leading to widespread burning. Numerical
simulation of experimental data yields unsatisfactory re-
sults, for a variety of reasons related to both computer
modelling and experiment conditions.
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CHAPTER 1
INTRODUCTION
1.1 PREFACE
The majority of commerical power reactors currently in
operation were designed with the expectation of a viable
fuel reprocessing system being available. In consonance
with this fuel life-cycle, spent fuel storage pools were
designed to accommodate the amount of spent fuel expected
to be awaiting shipment to a reprocessing facility. The
prohibition on spent fuel reprocessing in this country has
resulted in the accumulation of large inventories of spent
Light Water Reactor (LWR) fuel. While the fate of fuel re-
processing is as yet undecided, the need for increased stor-
age capacity both on-site and away-from-reactor has con-
tinued to grow. The interim solution of this dilemma has
been a re-design of the spent fuel pools into longer-term
storage facilities. This has been achieved primarily by
re-designing the fuel storage racks, thereby allowing for
denser packing.
Public acceptance of high density storage arrangements
and licensing of interim on-site fuel storage has been dif-
ficult to achieve. Demands have been made to assure that
the modified storage arrangements do not increase the health
hazard to on-site workers or the community.
At hearings conducted to determine whether the reactor
licensees should be granted permission to modify their spent
fuel storage pools to accommodate higher density storage
arrangements, a common concern is in regard to the potential
risk to the public if the water were inadvertently drained
from the pool.
It is known that, at elevated temperatures, zirconium-
the major constituent of LWR cladding-undergoes vigorous
exothermic oxidation upon exposure to air. One scenario
advanced by citizen-advocate groups contends that a loss of
pool water could lead to a widespread burning of the zir-
conium cladding, eventually engulfing the entire pool area.
The radioactive fission product release from the degraded
fuel rods would then be quite large.
The purpose of the research described in this report
is to examine, refine, and extend existing analyses of this
topic and to investigate aspects of the problem not pre-
viously addressed.
1.2 BACKGROUND
The investigation by A. S. Benjamin, et al., (Bl),
NUREG/CR0649, indicates that a self-sustaining clad oxida-
tion reaction could initiate if a high density storage con-
figuration were to lose its coolant, provided that some
fuel had been recently discharged from the reactor. The
analysis addresses various pool racking arrangements, fuel
types, and fuel pool building characteristics. The report
indicates which storage configurations are likely to result
in clad temperatures susceptible to vigorous exothermic oxi-
dation. Several recommendations are made relating to stor-
age rack design and minimum cooling times required prior to
fuel storage in the various racking configurations. However,
the analysis does not predict whether a self-sustaining zir-
conium cladding oxidation reaction, once initiated, will
either extinguish within a localized region, or propagate to
other sections of the fuel pool.
The computer code developed to analyze the spent fuel
behavior up to the initiation of runaway oxidation, SFUEL,
has as its parameters of primary importance the fuel-cladding
temperature and extent of Zircaloy oxidation. The code is
based on phenomenological models for zirconium clad oxida-
tion. In particular, the transient non-isothermal burning
of zirconium in gas of variable oxygen mass fraction is
modelled by a parabolic oxidation kinetics formula derived
from isothermal constant oxygen mass fraction experimental
data. A search of the current literature reveals that there
is a dearth of information on zirconium oxidation in a dry
air environment, and all of that which exists is obtained
under isothermal conditions. Additionally, it is to be
noted that the Sandia study is the only one available in
the open literature which addresses numerical simulation of
large-scale zirconium oxidation in a dry air environment.
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1.3 PROBLEM STATEMENT
The scenario for burning propagation of zirconium clad-
ding, and the associated processes investigated in this re-
port, may be outlined as follows:
1) At the initiation of the accident, the spent fuel
pool is instantaneously drained of coolant.
2) The resulting heat-up of the fuel rods,due to the
reduced heat transfer in the absence of liquid
coolant,initiates a natural convection circulation
of air throughout the fuel pool.
3a) For low density storage arrangements, the natural
convection cooling is sufficient to allow the fuel
rods to achieve a steady-state temperature below
the runaway oxidation value.
3b) For certain high density storage arrangements, the
natural circulation is insufficient to achieve a
steady-state temperature below the value for vigor-
ous oxidation ( %800*C).
4) The oxidation reaction energy leads to even more
vigorous oxidation, potentially resulting in local
clad melting, vaporization and spallation with sub-
sequent levitation of particulate.
The natural convection heat-up of the fuel is analyzed
in the study mentioned earlier. However, the SFUEL code was
limited by numeric stability,and other problems, to calcula-
tions prior to the initiation of runaway oxidation. The
research described in this report details steps taken to ex-
tend the code to analyze the propagation of the oxidation
reaction throughout the fuel pool. Propagation in this
analysis occurs by conventional heat transfer mechanisms:
conduction, convection, and radiation. In addition, two
other propagation mechanisms, involving simultaneous mass
transfer as cited in (4) above are examined. In performing
these analyses, a host of phenomena occurring concurrently
in the fuel pool and impacting on the propagation potential
needed to be examined. Typical design characteristics for
fuel analyzed in this report are shown in Figure 1.1, while
the decay heats for discharged fuel are given in Table 1-1.
Experiments have been performed at Sandia National Lab-
oratories to observe the behavior of heated Zircaloy-2 clad
exposed to air in a forced convection environment. Concur-
rently, a computer code employing the oxidation models in
SFUEL has been developed to allow analytical prediction of
the experimental results.
1.4 SUMMARY OF CONTENTS
As outlined in the Problem Statement, the SFUEL code
has been revised and extended to analyze pool wide propaga-
tion of zirconium runaway oxidation. This objective neces-
sitated the refinement of many of the SFUEL models, as well
176.8"
FUEL
ROD
GRID
PWR ASSEMBLY
Figure 1.1 Typical Design Characteristics of PWR Fuel
Analyzed in this Report (after NUREG/CRO649).
Design Properties of Fuel Assemblies Used in the Analysis
Rod array
Number of fuel rods per assembly
Numer of non-fuel rods per assembly
Active fuel height (in.)
Rod center-to-center pitch (in.)
Fuel rod outside diameter (in.)
Clad thickness (in.)
Channel thickness (in.)
Metric tons uranium per assembly
(MTU)
Number of assemblies per core,
typical reactors
Older PWR
15 x 15
208
17
144
0.558
0.420
0.026
0.456
177
Newer PWR
17 x 17
264
25
144
0.496
0.374
0.023
0.461
193
18
TABLE l-l*
Thermal Decay Power of PWR Spent Fuel as a
Function of Decay Time and Discharge Cycle
Standard Case: 3 cycles @ 3.3% wt. enrichment.
Operating power = 37.3 MW/MTU.
Total Burnup = 33,000 MWD/MTU.
30-day down time between cycles.
35-day down time within cycles.
295 operating days per cycle.
Decay Time
10 days
30 days
90 days
180 days
1 year
2 years
3 years
5 years
10 years
Decay Power, KW/MTU
Cycle
1
75.4
43.4
21.3
11.4
5.05
2.22
1.25
0.607
0.368
Cycle
2
81.1
48.6
26.0
15.6
8.20
4.07
2.46
1.30
0.779
*After NUREG/CRO649.
Cycle
3
86.6
53.2
30.0
19.2
11.0
5.90
3.76
2.12
1.28
as incorporating several new analytic capabilities. Fea-
tures of the current SFUEL code which were examined and/or
revised were:
1) mass flow calculations
2) oxidation kinetics models
3) all modes of heat transfer
4) methods of fuel rod and fluid temperature calcula-
tion
The revised code was validated for low temperature
performance by comparison with the original SFUEL results.
The SFUEL program, revisions and results are explicated in
Chapter 2.
The spallation and levitation of burning zirconium par-
ticulate entails a two-part analysis. The first portion in-
volves the numerical solution of the equations for particle
temperature and transport. The second portion employs a
semi-infinite body conduction model to assess the ability of
the burning particle to ignite a receiving surface. The
model equations and evaluation algorithm are described in
Chapter 3.
The particulate model requires a number of assumptions,
yet for these cases, quantitative as well as qualitative in-
formation can be obtained. However, for the zirconium vapor-
ization analysis, there are too many unknowns to allow a
quantitative assessment at this time. Rather, the zirconium
vaporization analysis, described in Chapter 4, gives the
conservative estimates for the intensity of propagation of
vigorous zirconium burning via this mechanism relative to
those discussed above.
The fifth chapter of this report concerns the simula-
tion of the experiments conducted at Sandia. The computer
code is described and predictions are compared to the exper-
imental findings. Discrepancies are explored and ramifica-
tions are discussed.
The final chapter of this report summarizes the signi-
ficant results of the previous chapters. The relationships
of the various propagating mechanisms are discussed and the
results superimposed to give a global view of the pool-wide
behavior. The relevant observations obtained from the ex-
periment numerical simulation are applied, and an overall
summary is given for the propagation of zirconium runaway
oxidation in a drained spent fuel pool.
CHAPTER 2
POOL-WIDE PROPAGATION OF ZIRCONIUM BURNING
2.1 DESCRIPTION OF SFUEL PROGRAM
The SFUEL computer code developed at Sandia is a two-
dimensional model of a spent fuel pool. The model
corresponds to the elevation view of the fuel pool, as shown
in Fig. 2.1. The code models six adjacent pool sections,
where the first section is bounded by the pool liner and the
sixth section corresponds to one-half of the center pool sec-
tion. The primary assumptions embodied in the pool analysis
are as follows:
1) The water drains instantaneously, leaving the pool
completely devoid of water.
2) The geometry of the fuel assemblies and racks remains
undistorted.
3) Temperature variations across the fuel rods are ne-
glected, and all rods in a particular pool section have the
same axial temperature distribution.
4) The air flow patterns are one-dimensional and involve
a Boussinesq approximation.
5) Radiation view factors are based on projected areas.
All radiating surfaces are gray bodies.
6) All decay heat emanates from the fuel rods. Oxida-
tion of fuel pool structural materials is not addressed.
q dec - DECAY HEAT INPUT TO FUEL RODS
chem
q ra I
q a 1c
ach
qca
a2
- CHEMICAL OXIDATION HEAT INPUT
TO FUEL RODS
- AXIAL CONDUCTION IN FUEL RODS
RADIATION FROM RODS TO CHANNEL WALL
- CONVECTION FROM RODS TO AIR STREAM 1
CONVECT ION FROM A IR STREAM 1 TO
CHANNEL WALL
- RADIATION FROM CHANNEL WALL TO HOLDER
- CONVECTION FROM CHANNEL WALL TO A IR
STREAM 2
CONVECTION FROM AIR STREAM 2 TO HOLDER
HOLDER
CHANNEL
(IF PRESENT)
gh - RADIATION FROM OUTERMOST HOLDER
1 TO SIDEWALL LINER
q a I CONVECTION FROM A IR STREAM 3 TO
3 1 SIDEWALL LINER
qlw -W CONDUCTION INTO CONCRETE SIDEWALL
ty -RADIATION FROM UPPER TIE PLATE
I - RADIATION FROM LOWER TIE PLATE
2 2 TO FLOOR LINER
qta- CONVECTION FROM LOWER TIE
2a4 PLATE TO A IR STREAM 4
q12 
ci2 -
CONVECTION FROM AIR STREAM 4
TO FLOOR LINER
CONDUCTION INTO CONCRETE FLOOR
ghh . RADIATION FROM HOLDER TO ADJACENT HOLDER
qha - CONVECTION FROM HOLDER TO AIR STREAM 3
qa h'- CONVECTION FROM AIR STREAM 3 TO ADJACENT3 HOLDER
Figure 2.1 Elevation View of Spent Fuel Pool Identifying
Heat Transfer Modes Considered in the SFUEL
Program (after NUREG/CRO649).
7) The spent fuel is arranged such as to have the hot-
test elements in the center pool section, and the cooler
elements progressively toward the ends of the pool.
8) Axial heat conduction is negligible for channel
walls, holder walls and liner. Axial conduction is consid-
ered for the fuel rods only.
9) The spaces between adjacent racks are closed to air
flow; heat transmission through these regions is by conduc-
tion through stagnant air.
As observed in NUREG/CR0649, the assumption that temper-
ature variations within a pool section are negligible (3) is
found to be adequate, since the heatup time is on the order
of hours. When vigorous oxidation is in progress, the as-
sumption may still be assumed to hold on an assembly-by-
assembly basis within a given pool section. This topic is
discussed later in this chapter.
The assumption that the inter-holder spaces are closed
to air flow is a conservative representation of the fact that
the air flow in these spaces is retarded by support struc-
tures. Typical spent fuel holder designs analyzed in this
report are shown in Fig. 2.2.
The philosophy adopted in this research is to investi-
gate the propagation of burning in configurations where it is
thought most likely to occur and not duplicate the results of
the earlier (NUREG/CR0649) analysis. For similar reasons,
the analyses performed here are carried out under the assump-
tion that the fuel pool building ventilation rate remains
12.75"
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constant throughout the duration of the accident, such that
the room air conditions above the pool remain at the ambient
conditions, i.e., those external to the fuel pool building.
As suggested in Assumption (4) above, the air flowing
through the heated channels is treated using a Boussinesq ap-
proximation. In essence, the air is a thermally-expandable
but incompressible flow. The fluid dynamics calculations are
thus performed in a steady-state fashion, where the compres-
sibility effects in the energy equation and the mass
accumulation term in the continuity term are neglected.
Thus, the rigorous set of fluid conservation equations (R1),
Eqn. 2.1.
1 Dp +
p Dt + VV = 0 2.la
DT . DP
PC D = V(kVT) + q + TSP + p 2.lb
6 5v 2 6v 6v 5v ~(Pvx) =-7(pvxV) - VP + [2 + P + )
[ [ ( V 6V l ( 6v+ 6v x+ y + 6 + + X 2.lc
and similar equations of the form 2.lc in the other two coor-
dinate directions are reduced to the one-dimensional flow
equations (2.2):
6u 0
6x 2.2a
6ST ST -
P~ Tt w f) 2.2bpcpgg+ cpu- qwhere q= hA(Tw -T)22
= pg + orifice and friction pressure losspg+6r±.c 2.2c
In equations 2.2 the molecular effects of heat and momentum
transfer are described by phenomenological engineering models.
The SFUEL Program is formulated as a semi-explicit code.
In particular the fluid dynamics calculations are performed
in an implicit fashion, employing a Newton-Raphson iterative
method to obtain consistent values of temperatures and mass
flows. All other parameters in the code are calculated in a
fully explicit manner. The requirement for an explicit re-
presentation of the fuel clad temperature arises from the
highly non-linear character of the zirconium oxidation reac-
tion model.
2.2 ZIRCALOY CLAD OXIDATION
Oxidation of zirconium in air at elevated temperatures
occurs by the following highly energetic exothermic reaction:
02 + Zr -* ZrO 2
liberating approximately 262 kcal per mole of Zr. The oxida-
tion reaction may be either kinetically controlled or
diffusively controlled. The kinetic-controlled reaction is
modelled using a parabolic reaction rate law:
27
dw2w = KO exp (-E/RT) 2.3
where w = weight gain per unit surface area (mgO2/cm
2
t = time (seconds)
E a = activation energy (cal/mole)
R = gas constant (*K)
KO = reaction rate constant ([mg/cm2 2/s)
T = temperature (*K)
The parabolic kinetic model is derived from experimental
data obtained under isothermal, constant free stream oxygen
mass fraction conditions. Thus, the parabolic formulation
inherently incorporates these assumptions. As suggested
earlier, the actual processes are neither isothermal nor oc-
cur with constant oxygen mass fraction. The empirically
derived coefficients for Eqn.2.3 are:
KO=1.15x103 (mgO2/cm2 ) 2/s Ea= 2 7 4 3 0 (cal/mole) (T<9200 C)
K0=5.76x103 (mgO2/cm2 ) 2/s Ea =52990 (cal/mole) (920 0C<T11550c)
K 0=6.20x103 (mgO2/cm2 ) 2/s Ea =29077 (cal/mole) (T>1155 0 C)
This data is presented graphically in Fig. 2.3. The data of
Hayes and Roberson (Hl) and White (Wl) is obtained for pure
zirconium oxidation in moist and dry air, respectively. The
data of Lestikow (Ll) is obtained from oxidizing heated
Zircaloy-4 tubes in dry air. There is little data available
6. 20 x 10 4 exp (-290 77/RT)
MONO-TETRAGONAL
PHASE CHANGE OF
ZrO
2
a- B PH
OF Zr
SOL
5. 76 x 107 exp (-52990/RT)
31. 15 x 10 exp (-27340/RT)
ASE CHANGE
-02 SOLID
UTIONS
0 LEISTIKOW (1975)
0 WHITE (1967)
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Figure 2.3 Correlations for Zirconium Oxidation in Air
(After NUREG/CR0649)
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in the open literature which has been derived for Zircaloy-2,
the alloy from which reactor-grade LWR fuel cladding is made.
It is suggested in Biederman, et al., (B2) that the alloying
of zirconium has a profound effect on the oxygen diffusivity
in the oxide phase. The typical composition range for
Zircaloy-2 according to American specification PDS.11538-4
(Ml) is given in weight per cent as:
Tin 1.3 -1.6 Nickel 0.03-0.08
Iron 0.07-0.20 Average (Fe+Cr+Ni) 0.23-0.32
Chromium 0.05-0.16 Zirconium 0.68-0.77
Investigation of high temperature oxidation of a 1.5 wt % tin
alloy by Mallett and Albrecht (1955) (M2) showed that the
oxidation rate followed a cubic law, Eqn.2.4, in the tempera-
ture range 600-900*C at 1 atmosphere oxygen (Figures 2.4 and
2.5):
2dw3Wdt = K 0 exp( Ea/RT) 2.4
where K0 = reaction rate constant [(ml/cm2 3S]
E a = activation energy (cal/mole)
4
and K0 = 5.34x10 Ea = 38400±1100 600 < T < 800 0C
K = 87.2 Ea = 22600±1400 825 < T < 900 0C
A study of oxidation of zirconium and zircaloy in dry
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Figure 2.4 Cubic Plot of Oxidation of Zirconium-1.5% Tin
Alloy at 6000 - 800*C (after Reference M2).
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Figure 2.5 Cubic Plot of Oxidation of Zirconium- 1.5% Tin
Alloy at 825' and 900'C (after Reference M2).
air performed by Kendall (1955) (Kl), covered the tempera-
ture range of 500-7000 C. His study indicated that the
reaction proceeds in two stages: initially an approximately
cubic dependence with time, and at higher exposures, a linear
function of time. The rate constants calculated from his
data and applicable with equation 2.4 for the initial reac-
tion are:
Zircaloy-2 KO = 1.1x109 (mg/cm2 ) 3/hr Ea = 39400 cal/mole
Zirconium KO = 1.8x9 (mg/cm2 3 /hr Ea = 41400 cal/mole
In the linear regime which conforms to Eqn.2.5:
dw K exp(-Ea/RT) 2.5
the appropriate constants obtained from his data are:
Zircaloy-2 K = 8.5x106 (mg/cm 2)/hr Ea = 31000 cal/mole
Zirconium KO = 7.4x6 (mg/cm 2)/hr Ea = 29800 cal/mole
In the research performed in this report, only the first
three correlations have been implemented. Additional tests
performed by Mallett and Albrecht for the oxidation of Zr -2.5
wt % Sn alloy in 1 atmosphere of 02 showed a parabolic rate
dependence in the temperature range of 500-9000 C. While
there is evidence that alloying components have a profound
effect on the oxidation rate, the parabolic formulation was
employed because it is the only formulation for which high
temperature (>900*C) data are available.
Biederman, et al., (B2) showed that the empirical formu-
lation Eqn.2.3 given above may be used for the calculation of
oxide thickness under transient heating conditions (assuming
02 concentration at the wall constant) by dividing the time
interval into a series of small intervals and calculating the
oxide formation between specified initial and final tempera-
tures. The calculational method of Biederman, et al., does
not attempt to reconcile the energy liberated during the in-
terval by chemical oxidation with the specified temperature
at the end of the interval. All of the codes proposed in the
present report do account for the synergistic effect of chem-
ical reaction energy and temperature.
The spent fuel holders are closed channels in which air
is admitted at the base and exits at the top of the assembly.
The oxygen mass fraction of the gases is depleted as the gas
moves up the channel. At some point in the channel, the
chemical oxidation reaction may become limited by the quanti-
ty of 02 available for reaction; this is a diffusion-limited
condition. In this regime, the reaction is limited by two
components: 1) the ability of the oxygen to diffuse through
the gas to the oxide surface, and 2) the ability of the oxy-
gen to diffuse through the oxide layer to the unreacted
zirconium metal. This is represented for a planar geometry
by Eqn.2.6:
d W 0 C W 
- C ( O
dW 2 = 2 - 2 2.6a
where W = weight gain of oxygen per unit surface area
02 2
(mgO2/cm )
C0 2 (x), C0 2(o) = Oxygen concentrations at the oxida-
tion boundary and free stream,
respectively (mgO2/cm )
HT = overall mass transfer coefficient
and HT is defined as:
HT H +hD D 2.6b
where HD = mass transfer coefficient for 02 through the
oxide layer (cm/s)
hD = mass transfer coefficient for 02 through the gas
to clad outer surface (cm/s)
The value of HD is determined primarily by the diffusivity of
oxygen in zirconium oxidation. Depending on temperature, the
zirconium dioxide can be in either a monoclinic (800 0C) or
tetragonal (1200*C) crystalline form, with either preferential
or non-preferential orientation. The diffusivity of oxygen is
profoundly influenced by these factors; however, because of
this complexity (and as a conservative assumption), no at-
tempt has been made to model the oxygen concentration
gradient through the oxide layer. The value of hD is deter-
mined for laminar flow using the Chilton-Colburn analogy (C2):
f
IH D T 2.7a
where . h Pr2/H PCP
p
hD 2/
D (Sc)
2.7b
2.7c
h = heat transfer coefficient (W/cm 2
p = gas density (gm/cm3 )
c = gas specific heat (J/gm *K)
V = gas velocity (cm/s)
Pr = Prandtl number = v/a
Sc = Schmidt number = v/D
f = friction factor
and D = diffusivity of oxygen in air.
The values of Schmidt number are well documented for air, and
the heat transfer coefficient is calculated using the corre-
lations of Appendix A. For lack of data on the diffusivity
of oxygen in the various forms of zirconium dioxide, the mass
transfer coefficient is composed entirely of the oxygen
through air diffusion portion. This approximation corre-
sponds to the physical situation of the oxide layer spalling
as quickly as it appears. The reaction rate used in the code
is determined by the relative magnitudes of the values calcu-
lated for the reaction rate: if the rate calculated by using
Eqn.2.3 is greater than the result of Eqn.2.6, the reaction
is kinetically controlled, otherwise it is diffusion limited.
The oxidation thickness in either reaction regime is
calculated explicitly using the temperature of the clad at
the beginning of the time interval for which the change in
thickness is to be calculated, thus:
W = [ (At) = KV exp (-E/RT) A+ Aw 2dt 0 p2 2.8
where p = density of Zr (gm/cm3 )
K0 = (mgZr/cm2 ) 2/s = Kxf
f = stoichiometric ratio of Zr to 02 in ZrO 2
Aw = reduction in clad thickness at the beginning of
the time step (cm)
However, since for the non-isothermal case the temperature is
also a function of time, Eqn.2.3 should be:
-t dt /
w = J K exp(-E/RT(t)) dt + Aw2}, 2.9
Equation 2.9 must be solved using non-linear techniques,
since neither the new oxidation thickness nor temperature are
known. Additionally, the clad temperature is a function of
decay heat generation rate, and external flow parameters.
While the resulting system of equations can be solved im-
plicitly, the computational effort is large and must employ
an iterative approach by making successive approximations to
the new-time clad temperature. The computational complexity
as well as potential for non-convergence are the basis for
the use of old-time temperatures in calculation of new-time
oxidation thicknesses in this report. References (Gl) and
(W3) describe implicit evaluations for stiff systems of equa-
tions such as that presented above; however, this refinement
was beyond the scope of this project.
2.3 EXTENSION OF SFUEL PROGRAM TO ASSESS POOL-WIDE BURNING
Calculation of fuel pool conditions subsequent to initia-
tion of runaway oxidation at one or more locations in the
pool necessitated the revision of the SFUEL computer code. A
careful review of models in the code was undertaken to delin-
eate both the physics-related and computational limits of the
original code. The revised code was developed in an evolu-
tionary manner, such that only models or programming
structures which led to non-physical results or computational
instability were adjusted. Models were then implemented for
mechanisms such as burnout of entirely oxidized clad, fuel/
clad relocation, etc., which had not appeared in the original
program. The following is a discussion of the individual
models which were revised or implemented:
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2.3.1 Inter-Holder Conduction
Initial program runs with the original SFUEL code indi-
cated that the code is numerically unstable when any of the
fluid passages are blocked, such as occurs in the inter-
holder air spaces. The oscillatory instability, reflected in
the interfacial node temperatures of the inter-holder spaces,
is initiated at the lowest boundary node for the non-flow
channels, and leads to the appearance of negative temperatures
which progress up the channel, increasing in amplitude with
increasing holder temperature. Examples of these oscilla-
tions are shown in Table 2-1. These oscillations exist at all
times, although they do not halt the computation until the
equation:
TBARNC = TW - 0.38*(TW- TA) 2.10
takes on negative (Kelvin) values. Examination of the finite
differencing scheme for the fluid dynamics calculations indi-
cates that an oscillatory instability is to be expected for
non-flow channels. This will be shown by performing a Von
Neumann stability analysis on the linearized discretization of
the energy equation employed in SFUEL. The essence of this
method of stability analysis is to express the error of each
term of the discretized equation with a finite Fourier Series
representation. The decay or amplification of each mode is
then considered separately to determine stability or
TABLE 2-1
Oscillatory Instability of Interholder
Space Interface Air Temperature
Case Analyzed:
Time = 550 sec.
PWR, CYLINDRICAL STORAGE RACK
3.0" BASEPLATE HOLE
Interface Air Temperature, C
Axial
Location
(top)
19
18
17
16
15
14
13
12
11
1 (bottom)-0.074
The values presented above are the difference between the
temperature at the location and the initial room tempera-
ture. Note that negative values correspond to temperatures
below room temperature. The air interfaces in pool sections
1, 3 and 5 behave in a similar fashion and have been omitted
for clarity.
POOL
SECTION
2
0.388
0.355
0.732
0.674
1.022
0.923
1.231
1.080
1.340
1.130,
1.134
1.407
1.235
0.897
1.031
0.634
0.752
0.298
0.424
POOL
SECTION
4
0.623
0.564
1.168
1.069
1.627
1.466
1.958
1.717
2.130
1.796
2.128
1.697
1.956
1.426
1.631
1.005
1.186
0.467
0.671
-0.1384
POOL
SECTION
6
1.183
1.051
2.199
2.000
3.056
2.740
3.672
3.210
3.989
3.360
3.979
3.173
3.645
2.665
2.243
1.877
2.186
0.869
1.232
-0.280
instability.
The one-dimensional fluid conservation equations are
solved in discretized form in SFUEL on a grid as shown in
Fig. 2.6. The dotted lines represent the outlines of the
control volumes of fluid with indices I-1, I, and I+1. The
points (O's) located on the boundaries of the control volumes
represent interfacial fluid values. The energy equation is
solved for temperature on a grid such as Fig. 2.6, employing
the value of temperature at the previous time step and the
value of temperature at the fluid interface behind it.
The equation for the average fluid node temperature in
SFUEL is:
2*GCPA*TA3 n+ + PCA + HAT
TAVE3 n+1 _ I--I 2*GCPA + PCA + WKl
TAVE3nT 1  2.11
The variables in Eqn.2.11 are defined as:
(The final equality states the equation in more traditional
variables.)
GCPA = GOXO*CPOX + GNI*CPNI| = 'n 1CPOX + 2 C pNI mC 2.12
PCA = PROOM*CP*AXA3(J)*DELX/(RA*DELT) = P0 Cp AAX/(R At) 2.13
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Figure 2.6 Finite Difference Mesh for One-Dimensional
Fluid Flow
6
42
Employing the ideal gas law
p0TO = PO/Ro
Eqn.2.13 becomes:
PCA = p0 T0 CpAAX/At 2.14
WKl = HWA3(I,J)*AWA3 + HWJMl(I,J)*WZDX = hA1  2.15
HAT = HWA3(I,J)*AWA3*TW(I,J) + HWJMl(I,J)*WZDX*TWJMl(I)=hA1 T
2.16
In Eqns.2.14 and 2.15 the wall temperatures and heat transfer
coefficients have been assumed constant. Substituting Eqns.
2.12 - 2.16 into 2.11, we obtain:
TAVE 3n+1=I
2C TA3 + p0 C A + hA,T
PO T0C A Ax
2m C + 0 p At + hA
p TAVE3 n 1 2.17
where A = heat transfer area and A is the flow cross-
sectional area.
The temperature of the interface fluid node is calculated by
using:
TA3I+ = 2 - TAVE31 - TA3q 2.18
Since the temperatures showing the oscillation are the in-
terface nodal temperatures, expand Eqn. 2.18 using 2.11.
(The nomenclature TA3 and TAVE3 will be dropped in favor of
T, where the location of the point is denoted by the sub-
script as in Fig. 2.3.)
n+1 2mCT 1+ PT 0 CA + hA Tw nTIn+ = 2 p I --_ Ax - T n~ 2.19
I+4 PO TOC A A
2mC + +At hA
p n 1
Eqn. 2.19 is nonlinear, incorporating variables m, Cp, p0'
T 0, h, Tw, and the old-time level value of T in the denomi-
nator. In order to perform a stability analysis, Eqn. 2.19
must first be linearized. To do this, let the ratio Tn /T0
1, or equivalently, T = T Also, let p0 = p; m= puA; and
p, u, CpI Tw, A, A1 and h be constant. The analysis may be
further simplified by neglecting the assumed constant heat
source hA Tw Equation 2.19 reduces to:
Tn+l 2 2puACT n + pT nCC A An+1I+4 2 2puAC + pC A + hA J T 1 20
p p A t 1
Dividing pC pA through the brackets in the above equation
yields:
' 2uTn+l + Ax Tn
n+l 2 1 - At I
+4 2u + + hAl/pC AAt ip
Tn+ 1
- Tn+1 2.21
The Fourier component of the solution may be written as:
Tn _ n ei(mIAx) 2.22
where $ n is the amplification function at time-level n of
the particular component whose wave number is m, and i = V1.
Substitution into Eqn. 2.21 gives:
Ax
AtL
hx A
A+ hCA cos + 2iu sin-
p
The amplification factor $ is given by the complex Eqn. 2.23.
For stability l : 1, then:
$ 2
Ax 2
hA1  2 2m 2 2m
+ pCCA cos + 4u sinAt 1 p
2.24
It is apparent that for I$l s 1, the choice of m will re-
hA
strict the values of Ax, At, pC , and u. For stability
p 1
S< 1:
S< 2 hAn 22
+ pC A os 2 + 4u sin m
2.25
2.23
This equation must be satisfied for all wave numbers m. For
the case sin }= 1, cos = 0, Eqn. 2.25 becomes:
22
At 2  2 Ax1 < 4u u > 2At 2.26)[ I 2A
Equation 2.26 represents the stability criterion for the
SFUEL finite difference scheme. Note that this condition
is not met for any of the SFUEL cases which involve blocking
one or more of the flow paths, since for these cases
u = 10-10 cm/s.
Because the air in the inter-holder spaces is actually
stagnant, the old SFUEL scheme was replaced by a fully im-
plicit two-dimensional conduction scheme, assuming that
there are no buoyancy-driven recirculation flows in this
region. The conduction equation is:
T Tn fTI 1 + T - 2T TW+ TW2 -2T
-+1 I + 2 2.27
At (Ax) 2 (Ay) 2
where Tn is the previous time interval value and all other
values are determined as the new time step. The new-time
values of the holder wall temperatures, TW1 and TW2, are
evaluated explicitly as in the original SFUEL, while the
thermal diffusivity is evaluated at the previous node-aver-
age air temperature. The interface air temperatures are
determined as the arithmetic averages of the average air
temperatures determined using Eqn. 2.27. The set of simul-
taneous equations (2.27) for all axial nodes are solved with
a standard tridiagonal matrix inversion routine. For the
steady-state cases reported in NUREG/CR0649, where the am-
plitude of the inter-holder oscillations is small, this con-
duction model produces essentially identical results. How-
ever, the model's utility is not in confirming previous
work, but in allowing extension of the code to the calcula-
tion of conditions which could not be assessed previously.
2.3.2 Revised Fluid Dynamics Calculations
Examination of the code results subsequent to the re-
vision described above revealed another difficulty with the
assembly out-flow boundary evaluation, independent of the
interholder non-flow approximation. This problem was mani-
fest in the appearance of large negative values of air tem-
perature at the top-most node. The air temperature differ-
encing scheme presented in Sec. 2.3.1 incorporates an upwind
scheme for the first half of the node control volume, fol-
lowed by an extrapolation to obtain the node out-flow inter-
face temperature (see Eqns. 2.11 and 2.18). This differenc-
ing scheme is thought to have undesirable characteristics,
especially with regard to boundary conditions. The stabi-
lity criteria of the upwind-extrapolation at the boundary
conditions cannot be obtained with Von-Neumann analysis and
requires other analytical techniques. Consequently, a for-
ward differencing scheme was substituted, which provides
physically real values of air temperatures at all points in
the calculational domain. The forward differencing in the
revised SFUEL program consists of the use of Eqn. 2.11 over
n+1the entire node length, where TA3 n_ is replaced by the node
average temperature of the previous node divided by 2:
Sn+l =GCPA * TAV+ PCA+ HAT
TAVE3n1  =CA2.28
I GCPA + PCA + WK1
TAVE3n
where:
TAV = TA4AVE if I= 1 average temperature of base
node
= TAVE3 if I > 1 average temperature of pre-
vious node
This scheme requires a fictitious top-most convective node
in order to determine the top-most interface air tempera-
ture. The interfacial air temperatures are calculated as
the arithmetic average of the node average temperatures of
the two adjacent nodes, as for the non-flow channels. The
change of differencing scheme was motivated partly by the
appearance of the large negative outflow temperatures, and
partly by a non-convergence of mass flows. While this re-
vision did not resolve the mass flow divergence, it does
result in physical temperature fields and has also been re-
tained for its better known computational characteristics.
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2.3.3 Maximum Driving Force Approximations
The mass flow divergence alluded to above comes about
due to the orifice pressure drop at the base of the fuel
assembly holders. Since the pressure drop is calculated
in terms of reduced pressure, under certain conditions the
pressure drop calculated at the holder inlet is sufficient-
ly large to be outside the range of convergence of the New-
ton Raphson scheme. This obstacle has been overcome by
using an approximation based on purely physical grounds.
All cases investigated during this research achieve steady-
state mass flows while the temperatures of the fuel assem-
blies are still relatively low. Further increases in gas
temperatures produce decreases in the channel gas density
which is already very low compared to the room air density.
Therefore, the buoyancy force, which is proportional to the
difference bewteen the room air density and the channel air
density, approaches a constant value:
Buoyancy 
- lim P g(l _ channel = _ gForce pchannel 0  room proom room
2.29
This is the physical basis for making the approximation that
the mass flows do not change from their steady values once
runaway oxidation initiates. In the SFUEL code, this appro-
ximation is implemented by by-passing mass flow calculations
after the initiation of runaway oxidation, typically several
hours after the steady-state mass flow distribution has been
attained. For fuel pool analyses in which the holder base-
plate holes are greater than 5 inches, it has been observed
that this approximation is unnecessary, since the mass flow
calculations do not diverge subsequent to the initiation of
runaway oxidation. Cases run in which the mass flow calcu-
lations are continued during pool-wide burning indicate
that the constant mass flow approximation is slightly non-
conservative, since it provides larger mass flows (lO10%)
after fuel/clad relocation than would be sustained by the
buoyant driving force. The use of steady-state mass flow
values for pool-wide burning calculations is thought to be
better than the alternate approximation of assuming that
all channels are connected to an infinite reservoir, since
in the physical situation, the total pool-wide mass flow is
limited by that which can flow between the liner and the
first holder assembly. It is thought that this approxima-
tion results in a slightly reduced mass flow relative to
the infinite reservoir approximation and is therefore the
more conservative of the two approximations.
2.3.4 Revision of Clad Thickness Model
It has been observed that the original SFUEL model did
not account for total consumption by oxidation of the clad
in a node. That is, it was possible for clad to "regener-
ate," especially when the node experiences repeated transi-
tions from the kinetic-controlled to diffusion-controlled
regimes. Several minor programming changes were required
to assure that a fully oxidized clad node did not continue
to generate chemical oxidation energy.
2.3.5 Limit to Maximum Rate of Change of Temperature
The fuel temperature calculation scheme in the original
SFUEL is fully explicit. By definition then, the new time
step fuel temperature is given by the sum of the previous
temperature plus the difference bewteen the new-time energy
input minus the old-time energy losses, multiplied by the
ratio of the time-step size to the thermal capacitance of
the fuel/clad node. When the energy input to the node dur-
ing the new time step is far greater than the previous time
step energy input for which the losses were calculated, i.e.,
when runaway oxidation initiates, the new time temperature
can become very large in a very short time.
Use of Hamming's stability analysis (H4),(S3) for the
relevant equations illustrates this point. The fuel/clad
temperature is determined as:
TRI = TRI + QRIJ* DELT/CR 2.30
where:
TR = rod temperature at axial location I
CR = thermal capacitance of fuel/clad node
= (RHOF*AF*CR+ RHOC*AC*CC)*DELX = (pcPA)TAx
RHOF density of fuel
RHOC density of clad
AC = cross sectional area of clad
AF = cross sectional area of fuel
CC = specific heat of clad
CF = specific heat of fuel
DELX = length of fuel/clad node = Ax
DELT = time interval size = At
QRIJ = QDECAY I +QCHEMI + QCOND - QCONDI+1+ QR
where:
QDECAY1
QCHEM
QCOND
1
QCOND I+l
(AF*SMKF
SMKF
SMKC
QR
= heat generation due to radioactive decay
= chemical oxidation energy input
= energy conducted into node from node below
= (AF*SMKF + AC*SMKC)*(TR _1 - TRI)/DELX
energy conducted out of node from node above
= (AF*SMKF + AC*SMKC)*(TRI - TRI+1 ) /DELX
+ AC*SMKC) = (kA)T
= thermal conductivity of fuel
= thermal conductivity of clad
= radiative and convective loss from the node
= HRAl*AR (TAVEln -TR ) + radiative lossesIz IR
and
2.31
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HRAl = convective heat transfer coefficient = h
AR = surface area of the clad node = A
TAVEl = temperature of the air at node I
All of the above heat fluxes are determined using tempera-
tures at the previous time step. To simplify the analysis,
neglect QCHEM and the radiative losses. Then QRIJ is given
by:
QRIJ = hA(TAVEl 
- TR )
+ kAT(TR + + TRn_ 2TR )/DELX 2.32T n~ I IT~/D~
It follows that TRn+l is equal to:I
TRn+1 = TR + _ Ax 2 (TR 1+ TR 
-2TR)
+ phAt (TAVEl2 - TRn) 2.33
p 1lT
For TAVEln constant, the difference equation will be conver-
gent only if the spectral radius of its matrix of coeffi-
cients exceeds unity, but is less than 1+ O(t):
A = 1+ hpAt At k sin 2 (N;-l)lr 2.34( pA PT (Ax)2 pA T 2N
The term (hAAt/pcpA2)T allows the convergence criterion
to be satisfied for the restriction:
At (Ax) 2  p cpA 2.35
- 2 k 2.35
Equation 2.35 is the stability criteria for conductive and
convective stability of the rod temperature scheme outlined
above. Similar, although more restrictive stability cri-
teria result from the non-linearities introduced by radia-
tive heat transfer and chemical oxidation energy input.
The strategy adopted to maintain stability has been to
limit the temperature rise during any interval to a value
in concert with the fuel numerical stability limits. This
value is not attainable in closed form for the chemical oxi-
dation energy, since this varies non-linearly. Instead,
a value of temperature rise which conservatively satisfies
the calculable stability criteria is used (100*C/s) and
the results carefully monitored for the appearance of irre-
gularies. If the temperature rise during an interval fails
to meet the above criterion, the time interval is reduced,
all values initialized to the previous values, and the cal-
culations repeated. This strategy is quite successful in
containing the exponential growth observed in the original
SFUEL program. When the clad experiences vigorous oxida-
tion, the time steps are typically reduced by 2 orders of
magnitude to satisfy the stability limit.
2.3.6 Fuel Relocation Models
Several possibilities exist for modelling fuel relo-
cation when a node reaches the melting point of zirconium
dioxide, approximately 2740*K, assuming that molten zirco-
nium, if any, will be contained by the oxidized clad:
1) Ignore clad change to liquid phase; allow fuel/clad
temperature to continue to climb.
2) Hold node temperature at melting point for all suc-
cessive calculations.
3) Hold node temperature at melting point; calculate
energy deposited in melting zirconium dioxide; zir-
conium solid remains intact.
4) Let node disappear (rod relocate) when node clad
temperature reaches the melting point. Since only
a few rods are restrained at the top, it is reason-
able that all nodes above the melted node should
relocate as well.
5) Hold node temperature at melting point until mass
is completely melted; followed by relocation as in
(4).
Options (1) and (4) have been investigated in this report,
as they represent the extreme situations. Options (2), (3)
and (5) require a kinetic model for melting, which is a
function of the grain structure at a given radial location
in the clad. Such a refinement is beyond the scope of this
project.
2.3.7 Computer Operating System Changes
In addition to the modelling revisions noted above,
programming changes related to system compatibility with
the researcher's computer operating system have been made.
A restart option has been added to the program to allow the
program to be interrupted and restarted at a later time to
complete the calculations. The feature was required to keep
the computational costs to a minimum, as well as to allow
parametric evaluation of certain code variables.
2.4 MODIFIED SFUEL ANALYSIS OF BURNING PROPAGATION
2.4.1 Characteristics of Revised SFUEL Code
Following the series of revisions described above, a
sample case was analyzed with both the original SFUEL code
(except for operating system re-programming) and the revised
version of SFUELlW. The case chosen is one which achieves
steady-state:
PWR SPENT FUEL 17 x17 ARRAY
CYLINDRICAL STORAGE RACK CONFIGURATION
FULL CORE DISCHARGE LOADING, 3" BASEPLATE HOLE
The plot of temperature vs. time for this case is displayed
in Fig. 12 of NUREG/CR0649. The maximum clad temperature
(1 8th node, 6 th pool section) for the two codes is shown in
Figure 2.7. Values depicted in Figure 2.7 are tabulated in
Table 2-2. A comparison of the steady-state nitrogen mass
flow distribution in the pool sections is presented in Table
2-3. The agreement is good and it indicates that the re-
vised code is functioning properly and also that the pre-
runaway temperature calculations obtained with the initial
SFUEL code are satisfactory despite the objections noted
earlier.
The variation between the two codes is expected to
become for pronounced at higher rates of change of tempera-
tures. This is shown for the case of:
PWR SPENT FUEL 17 x 17 ARRAY
CYLINDRICAL STORAGE RACK CONFIGURATION
FULL CORE DISCHARGE LOADING, 1.5" BASEPLATE HOLE
2 :94 4 6 66 6
original SFUEL
A revised SFUEL
0 5 10 15 20 25 30 35 40 45
Time from initiation of accident x 103 seconds
Figure 2.7 Maximum Clad Temperature for Original and Revised
SFUEL.
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TABLE 2-2
PWR Spent Fuel 17 x 17 Array
Cylindrical Storage Rack Configuration
Full Discharge Loading, 3" Baseplate Hole
MAXIMUM CLAD TEMPERATURE (18 NODE, 6 SECTION)
Time
x103 secs
0.0
3.6
7.2
10.8
14.4
18.0
21.6
25.2
28.8
32.4
36.0
39.6
Original
SFUEL
10
93.9
197.0
276.6
311.2
317.9
317.4
316.8
316.7
316.7
316.7
316.7
Modified
SFUEL
10
92.0
188.9
264.0
302.7
316.5
320.2
320.9
321.1
321.1
321.2
321.2
316.843.2 321.2
TABLE 2-3
Steady State Nitrogen Mass Flow Rates (gm/s)
Pool Section
Fuel
Assemblies
1
2
3
4
5
6
Original
SFUEL
Modified
SFUEL
6.79
33.40
36.31
37.92
41.03
43.68
6.54
33.74
36.68
38.25
41.35
43.93
Liner Holder Space
199.1 200.5
Figure 2.8 illustrates the effect of the revised fluid dy-
namics and holder heat transfer calculations during runaway,
and suggests that the results obtained with the original
SFUEL are accurate up to runaway. The effect of the fuel
temperature stability limit is particularly well depicted
by the behavior of the original SFUEL subsequent to sus-
taining oxidation in the 2nd kinetically controlled regime
(correlation in the center of Figure 2.3). The revised
version is not as subject to the accumulation of fuel tem-
perature error and growth as the original version, by vir-
tue of the time step reduction capability. Consequently,
the temperature rise of the peak clad node predicted by
SFUELlW is smoother and occurs over one and one-half hours
later than predicted in the original code. The values
graphed in Figure 2.8 are tabulated in Table 2-4. The re-
sults presented thus far indicate that results calculated
by the original SFUEL are conservative with respect to both
temperature rise during oxidation and time to initiation
of runaway oxidation.
The results given above validate the new code's ability
to predict fuel pool conditions up to the point of initia-
tion of runaway oxidation. Figures 2.9 and 2.10 illustrate
the code's predictions for the maximum node clad tempera-
ture (node 18, section 6) up to the time at which the node
either burns out (upper curve) or melts and falls unimpeded
+ original SFUEL
A revised SFUEL
(1)
A ++
+
(1) Revised SFUEL
reaches runaway con-
ditions at t = 42500 sec.
Figure 2.8
5 10 15 20 25 30 35 40 45
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TABLE 2-4
Comparison of SFUEL Results
Under Runaway Conditions
Time Original Version Modified Version
secs TR (18,6) *C TR (18,6) *C
0 10.0 10.0
1800 43.89 43.61
3600 77.94 76.59
5400 115.4 112.4
9000 200.2 192.7
10800 246.2 235.9
12600 293.6 280.9
14400 341.7 325.4
16200 389.9 370.4
18000 437.8 414.7
19800 485.4 458.3
21600 533.8 501.4
23400 583.9 544.7
25200 636.4 588.5
27000 691.4 633.1
28800 748.4 678.1
30600 806.8 723.5
32400 865.2 768.7
34200 921.3 813.5
36000 995.2 857.4
37150 2012.3
37800 x 899.5
39600 code breaks down 942.0
41400 1014.0
3500
+ clad melt, Option 4
3000 0 clad melt, Option 1
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Figure 2.9 Peak Clad Temperature during Runaway.
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Figure 2.10 Comparison of Peak Clad Temperatures, Melt Options 1 and 4
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to the pool floor. Note that Figure 2.10 is an enlarged
view of the oxidizing time interval depicted in Figure 2.9.
The numerical values in Table 2-5 corresponding to Figures
2.9 and 2.10 reveal that the total time from initiation of
runaway to clad melting is approximately 8n,10 minutes.
The decrease in clad temperature for option 1 occurs be-
cause the clad has been completely oxidized.
The purpose of the foregoing discussion was to demon-
strate the capability of the revised SFUEL code to predict
the behavior of the peak clad node temperature from initia-
tion of runaway oxidation to melting/burnout. With this
tool available, the question of propagation of the vigorous
zirconium oxidation from the fresh fuel pool section to the
older fuel sections of the pool is addressed. Figures 2.11
and 2.12 present the peak clad node temperatures' histories
for the fuel assemblies in pool sections 5 and 6 for the
1.5 inch baseplate hole case described in Figures 2.9 and
2.10. Figure 2.11 illustrates the impact of the "total"
fuel relocation model (option 4)-where all nodes above the
melted node disappear-while Figure 2.12 gives the result
for the case where the high temperature node neither melts
nor relocates (option 1). The lower curve in each figure
depicts the behavior of the peak clad node temperature in
the adjacent fuel pool section. In Figure 2.12, it is evi-
dent that sufficient energy is transferred to the adjacent
TABLE 2-5
Maximum Clad Node Temperature for Different
Fuel Relocation Options (Modified SFUEL)
Time
x10 3 secs Peak Clad Temperature (*C)
10.0
76.6
192.7
280.4
370.4
458.3
544.7
633.1
723.5
813.5
899.5
942.0
1014
1117
1656
2117
2465
2747
0.0
3.6
9.0
12.6
16.2
19.8
23.4
27.0
30.6
34.2
37.8
39.2
41.4
42.3
42.54
42.61
42.67
42.73
42.79
42.86
42.98
43.97
43.11
43.13
43.19
43.20
2981 1
3194
3428
3361
Option 1
3293
4237
994
1002
1002
1009 Option 
4
1014
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Figure 2.11 Peak Clad Temperatures for Pool Sections 5 and 6,
Melt Option 4
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Figure 2.12 Peak Clad Temperatures for Pool Sections 5 and 6,
Melt Option 1
pool section to engender runaway zirconium oxidation. The
fuel relocation model, Figure 2.11, not only results in
little energy transfer to the adjacent pool section, but
the subsequently cooler air temperatures at the burned out
axial position cools the wall and, indirectly, the adjacent
pool section. Unless a physical situation can be envi-
sioned in which the fuel behaves as in Figure 2.12, the pro-
pagation of runaway zirconium oxidation to the adjacent
fuel pool section for this configuration might be ruled
out. Examination of the approximations involved in calcu-
lating Figure 2.11 (instantaneous phase change and reloca-
tion upon achieving the melting point of ZrO 2) indicates
that the actual situation may yield a curve for the adja-
cent pool section peak clad temperature which lies slightly
above that presented.
2.4.2 Pool-Wide Propagation Results
A pool-wide analysis was performed for the case:
PWR SPENT FUEL 17 x 17 ARRAY
HIGH DENSITY STORAGE CONFIGURATION
90 DAY MINIMUM DECAY TIME, 5.0" BASEPLATE HOLE
to determine whether the runaway oxidation would propagate
across fuel pool sections. This case was run with contin-
ually-calculated mass flows and clad melt option 4 (complete
relocation upon reaching melting point of ZrO 2). Propaga-
tion was observed to occur across four pool sections. The
temperature profile for the initially hottest node in pool
section 6, the first to undergo runaway oxidation, is shown
in Figure 2.13. The arrow in the figure denotes the time
at which the fuel/clad relocates; the subsequent tempera-
ture profile is for air occupied by the fuel/clad node.
The temperature at the location is observed to increase and
decrease as the remaining fuel/clad nodes beneath it undergo
vigorous oxidation. These oscillations would be expected
to be damped in the actual pool, as relocated clad and ura-
nium dioxide block the lower channel and reduce the avail-
able air flow and therefore reduce the oxygen available for
chemical interaction. Figures 2.14, 2.15 and 2.16 display
the temperature-time history for the peak clad temperatures
in the three adjacent pool sections which experience vigor-
ous burning. Figure 2.17 is a composite of the four preced-
ing figures, and is intended to show the waiting times be-
fore the various sections of the pool ignite. It may be
inferred from the figure that chemical oxidation energy
liberated in pool section 6 has an immediate effect upon
the oxidation rate in section 5; however, the decay heat
generated within these two sections is approximately the
same. Sections 4 and 3, which are modelled as much older
fuel, and have lower decay heat generation, require signifi-
cantly longer times to experience runaway oxidation.
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In an effort to assess the sensitivity of the burning
propagation relative to the decay heat, a series of analy-
ses were performed in which the center pool section was
given a high decay heat generation rate, and the remaining
sections were given a substantially lower decay heat rate;
these values are reported in Table 2-6. The results for
the third case are shown in Figure 2.18; the values used
in this plot are tabulated in Table 2-7. Examination of
Figure 2.18 shows that the highest clad temperature in
pool section 5 peaks approximately 2 hours after runaway
oxidation occurs in the adjacent (6th) pool section. The
peak temperatures in the other pool sections are quite low
and achieve steady-state as the remaining clad in the sixth
pool section burns out. This trend is clearly evident in
Figure 2.18, where the air temperature in the sixth pool
section is observed to be generally decreasing (between the
intervals in which the remaining clad in section 6 ignites).
Of the cases shown in Table 2.6, cases 1 through 4 at-
tained peak temperatures in pool section 5 and subsequently
cooled (without experiencing runaway) as the 6th pool section
burned out. Cases 5 and 6 sustained runaway oxidation in the
5th pool section. By plotting the peak temperatures reached
in pool section 5 versus the decay heat generation rate, a
curve of burning propagation is established, shown in Figure
2.19. This curve indicates that the minimum decay time for
TABLE 2-6
Decay Heats Used in Assessing Poolwide Propagation
PWR SPENT FUEL 17 x17 ARRAY
HIGH DENSITY STORAGE CONFIGURATION
> 5.0" BASEPLATE HOLE
POOL SECTION
1
1.0
2.0
3.0
4.0
5.0
6.0
2
1.0
2.0
3.0
4.0
5.0
6.0
(1 fuel assembly per section)*
3
1.0
2.0
3.0
4.0
5.0
6.0
4
2.0
3.0
4.0
5.0
6.0
5
1.0
2.0
3.0
4.0
5.0
6.0
6
30.0
30.0
30.0
30.0
30.0
30.0
*Units of decay heat are KW/MTU. The decay time for
these heat generation rates may be estimated from Table
1-1.
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Figure 2.18 Poolwide Propagation Sensitivity, Case 3
TABLE 2-7
Assessment of Sensitivity of Pool Wide Propagation
PWR, High Density, Section 6 @ 30 KW/MTU,
All Others @ 3.0 KW/MTU
Time From
Initiation of
Accident
x103 secs
18.
20.
22.
23.29
23.42
23.54
23.55
23.67
23.79
23.92
24.04
24.17
24.29
24.42
24.54
28.17
28.29
28.79
29.29
29.79
30.29
30.79
31.29
31.79
32.29
32.79
33.17
Temperature at Axial Location, *C
POOL SECTION 6
NODE 15
853.7
913.6
987.9
1081.3
1140.
2104.
2741.
1090.
1041.
1056.
1074.
1098.
1136.
2263.
1032.
1002.
1007.
1033.
1076.
928.
929.
932.
936.
940.3
944.7
949.3
953.1
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spent fuel to be stored adjacent to recently discharged
fuel (,\90 days) is approximately 2 years (see Table 1-1).
For the cases presented in Table 2-6, the vigorous oxida-
tion reaction propagated only between pool sections 6 and
5. The peak clad temperatures in section 4, even while
section 5 was experiencing rapid oxidation (case 6, Table
2-6), did not exceed 750*C. Thus, any storage configura-
tion which uses fuel of the same or lower decay heats than
shown in Table 2-6, cases 1- 4, is not susceptible to pro-
pagation of vigorous zirconium burning.
2.5 PROPAGATION OF ZIRCONIUM BURNING VIA CONVENTIONAL HEAT
TRANSFER MECHANISMS: SUMMARY
The SFUEL code described in NUREG/CR0649 has been re-
vised and extended to analyze the poolwide propagation of
vigorous oxidation of zirconium alloy clad. Correlations
for zirconium oxidation have been presented which suggest
a variety of reaction rate laws may apply; linear, para-
bolic or cubic. An explicit formulation of the parabolic
reaction rate model is used exclusively in this report, as
it is the most commonly cited phenomenological model for
zirconium oxidation.
It is shown that it is possible for widespread burning
of zirconium to occur in a spent fuel pool of high density
or cylindrical storage configuration, following loss of
water. A curve is given (Figure 2.19) which indicates the
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minimum decay heat generation rate for spent fuel which is
to be stored adjacent to freshly discharged fuel, if runaway
oxidation is to be confined to the freshly discharged as-
sembly.
Future work on this topic should focus on removing some
of the conservative approximations made in this analysis.
In particular, the conduction scheme through the stagnant
air in the interholder spaces should be re-modelled to allow
buoyancy induced recirculating flows. Also, axial conduc-
tion of heat in the holder walls would tend to flatten the
axial temperatures along the fuel rod length during the tem-
perature excursions engendered by zirconium burning by in-
creasing the radiative heat transfer. Finally, it is recom-
mended that a larger database be developed for oxidation of
Zircaloy-2 in air, especially with respect to the effect of
zirconium alloying on the amount of chemical energy released
during the oxidation reaction.
CHAPTER 3
PROPAGATION OF RUNAWAY OXIDATION
VIA PARTICULATE TRANSPORT
3.1 INTRODUCTION
The burning particulate model developed during this
project simulates the behavior of an oxidizing sphere of
zirconium metal levitated by convective air currents. The
burning particle model requires the simultaneous solution
of mass, energy, and momentum conservation for the particle.
Employing initial conditions determined from SFUEL, the code
calculates the temperature, velocity, distance, mass gain
and heat generation rates as functions of time and oxidation
rate for a variety of allowable particle diameters. Parti-
cle mass gain via oxidation, heat transferred by convection
and radiation from the particle during flight are accounted
for in the computer program. The oxidation model in the
program, developed in spherical coordinates, assumes a kine-
tically controlled reaction, based on the parabolic models
presented in Sec. 2.2. Diffusion limited kinetics are not
included because the particle is in motion and will always
be moving into a region of fresh air. The distributions of
particles determined from the PARTICLE code are employed in
determining an effective heat flux to the receiving surface
(upon which the particulate comes to rest). These evalua-
tions are performed using closed form analytic transient
conduction equations. The primary assumptions embodied in
the burning particulate analysis are:
1) Gas velocity in the subassemblies is uniform
throughout a pool section;
2) Air properties for the subchannel are assumed to be
those of the hottest fuel node;
3) Interaction of particles in the flow is neglected;
4) The amount of zirconium metal spalling into the air
flow is equal to one half of the amount oxidized in
place on the fuel rod;
5) The initial temperature of the particle is equal to
that of the hottest clad node in the assembly;
6) To account for turbulent convection at the subassem-
bly exit and subsequent lateral dispersion of the
particles, a horizontal component of velocity equal
in magnitude to the vertical particle velocity is
assigned;
7) Subsequent to exiting the subassembly, the air tem-
perature is assumed to be room air temperature;
8) Room air pressure is used in all calculations;
9) Air velocity exiting from inter-holder spaces is
assumed negligible, in agreement with Sec. 2.1,
thus the particle descent is in stagnant air unless
it enters another holder/pool section;
10) All particles are assumed to land on a horizontal
surface at the same height as the origin;
11) The heat flux to the receiving surface is approxi-
mated as that conducted in from the projected area
of the particle, while the rest of the energy is
lost by radiation and convection.
There are many interacting effects which would need to
be quantified in an exact analysis; however, the threat due
to particle levitation is insufficient to warrant a more
detailed analysis. Assumptions 4 and 5 are approximations,
since there is as yet no formulation for the spallation rate
of unreacted zirconium nor is there a quantitative database
to develop a phenomenological model.
3.2 PARTICULATE PROPAGATION POTENTIAL ALGORITHM
3.2.1 Particle Model Description
The PARTICLE code outlined above calculates time-tem-
perature histories for spheres of unreacted Zr metal as-
sumed to spall from the oxidizing fuel rods. The initial
conditions taken from SFUEL are:
TR(I) = temperature of hottest fuel/clad node
TAVEl(I) = temperature of air flow at the assembly
exit
GNIl(I) = mass flow rate of nitrogen in pool section
AXAl = cross-sectional flow area of pool section
PROOM
TROOM
= room pressure
= room temperature
The range of particle sizes investigated in the code
are:
D largest possible particle that can be entrained
by the air flow (cm)
DMIN smallest particle that will not be extinct sub-
sequent to exiting a specified upper plenum
distance (cm)
The parabolic kinetic oxidation formula is (see Sec.
2.2):
W = /K 0 t exp(-E/RT) 3.1
where W = mass gain in oxygen (mgO2/cm2 )
T = temperature *K
K = Arrhenius pre-exponentiation constant
2 ?
(mgO 2/cm ) '/s
E = reaction activation energy (cal/mole)
R = gas constant (cal/mole 4K)
Differentiating with respect to time (constant tempera-
ture) yields:
dw _ K0exp (-E/RT)
dt -r 3.2
where = mass gain per time (mg/cm2 )/sec.
7' 3
For a spherical particle of mass m = 3pD , the deriva-
tive of mass with respect to time is:
dm pD2 dD
= 2 dt
Multiplying Eqn. 3.2 by the surface area of a sphere
and equating to Eqn. 3.3 yields:
3.3
dD
PZr dt-
where pZr
-f / K 0exp(-E/RT)
= density of Zirconium (mg/cm3 )
f = stoichiometric mass of Zr to mass of O2' and
the minus sign indicates particle oxygen mass
gain.
Integrating (with constant temperature) from D to D,
D <D and time from 0 to t gives upon rearranging:0
D = D
0
2f /K 0exp(-E/RT) / .
03.5
PZr
3.4
0 < t <
(P ZrDO) 2
2
4f K0exp (-E/RT)
where D = outer diameter at time t= 0.
The mass of oxygen added to the particle is then:
M (t) = Zr02 f D03_ D0
2f v/ K0exp (-E/RT)
3.6
PZr
during
0 < t <
(pD0 ) 2
4f2K0exp (-E/RT)
and constant
M~~ (C) PZr Tr D3f02( 0
thereafter.
Heat generated in the particle during the interval of
oxidation is:
3.7QOXID = AHm 0 f
where QOXID = heat generated (J)
AH = heat of combustion 12.03 J/mg.
for
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As was discussed in Sec. 2.2, the oxidation is evaluated
isothermally during a given time step. The temperature of
the particle is obtained from an energy balance, assuming
the particle is thermally thin:
m tCptt dT q
mtot tot dt O0XID 3.8
where mttCptt dT
mtot
Cptot
qOXID
qCONV
h
Tw
T.
air
q RAD
= heat storage in particle,
= total mass of particle at time t, (mg)
= total specific heat of particle (J/*K)
= heat generated by oxidation, Eqn. 3.7,
(W)
= hTrD 0 2 Tw -Tair (J)
= heat transfer coefficient, (W/cm 2K)
= temperature of particle, (*K)
= ambient temperature, (*K)
2 4 4
= Eo i7DO (T - T ), (W)0 w air
= emissivity of particle
= Stefan-Bolztmann constant
The equations of motion for the particle are dealt with
in rectilinear coordinates:
d y C D air 2 2
dt2tot
y(O) = 0 y'(0) = V 0
3.9
~ UCONV ~ ERAD
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d2X D Pair 27D 2
dt 2 8m totrD x (0) = 0 x' (0) = 0
3.10
where = d net acceleration in x, y directionsdt2' dt2
g = acceleration due to gravity (980 cm/s 2
CD = drag coefficient as function of particle
Reynolds number, based on the magnitude
of velocity, V
pair density of room air, (mg/cm )
mtot total mass of particle at time t, (mg)
y = velocities in respective coordinate posi-dt' dt
tions
V = ( )2 + ( dx)2 '/2dt dtI
= vector velocity, (cm/s)
Terminal velocity of the particle is calculated from
one of several formulas shown in Table 3-1 (Pl), and is
determined by the particle Reynolds number.
The convective heat transfer coefficient from the burn-
ing sphere is calculated using the following equation devel-
oped by Whitaker (Wl):
Nu = 2+ (0.4 Red + 0.06 Re d w) 3.11
4
which is valid for the range 3.5 < Re d < 8 x10~. For Reynolds'
TABLE 3-1
Terminal Velocity of Settling Particulate
Particle
Diameter
m L
3 62 x10 - 10
Reynolds
Number
2 65 x10 - 10
Laws of Settling
Newton' s Law
Critical Particle
Diameter
2 -13
p cr gp (ps - P) -
C = 0.44
gD (p - p)
u= 174 p s
tp
K = 2,360cr
102 - 2 x 10 3 2.0 - 5 x 10 2 Intermediate Law
C = 18.5NRe-0.8
0.71 1.14 0.710.153g D (p -p)p s
0.29 0.43p p-
K = 43.5cr
10~4 - 2.0 Stoke's Law
C = 24NRe 1
gD 2(p - p)
t 18P
K = 3.3cr
See next page for explanation of terms.
3 - 10 2
u =t
TABLE 3-1 (Cont'd.)
= overall drag coefficient
= diameter of spherical particle, (cm)
= critical particle diameter above which law will not
apply, (cm)
= local acceleration due to gravity (cm/s )
= Reynolds number, DPput/.J
= fluid density, (gm/cm )
= particle density, (gm/cm )
C
D
Dp, crit
g
NRe
p
p5
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numbers less than 3.5, the value of Nusselt number for con-
duction from a sphere to an infinite, stagnant medium is
employed:
Nu = 2.0 3.12
The equations for energy and momentum conservation,
3.8- 3.10, are integrated numerically as simultaneous ordi-
nary differential equations, using a third-order Runge Kutta
scheme. A listing of the PARTICLE program is given in Ap-
pendix C.
3.2.2 Analytical Evaluation of PARTICLE Results
The output generated by particle consists of the time -
temperature - displacement histories of a series of allowed
particle sizes. A spallation rate equal to one-half the
oxidation rate at the fuel/clad node is used to estimate the
total mass of particulate. A normal distribution is as-
signed to the distribution of particle sizes, where the mean
is given by:
DMAX+ DMIN 3.13
2
and the standard minimum and maximum sizes are taken as rep-
resentative of a 2-a deviation from the mean, thus:
a = (D2- p)/2 3.14
The continuous distribution of particle sizes is approxi-
mated by 5 particle sizes. The frequency of occurrence for
the individual particle sizes (representing discrete seg-
ments of the continuous distribution) are given in Table 3-2.
It is estimated that subsequent to arriving on the re-
ceiving surface, the particles will lose half of their ener-
by by convection and radiation to the room. The effective
heat flux to the horizontal structures within range of the
particulate is then calculated as:
1 al(q/A)eff 4 x. m Cp (Tp - T)f
l p .
3.15
where m
p.
C
p
f
Tp
Ax.
L
= mass of particle upon arrival, (gm)
= specific heat of particle, (J/gm *C)
= frequency of occurence, (1/sec)
= temperature of particle of size i upon arrival,
(*C)
= range within which particle will fall, (cm)
= width of holder, (cm)
Particles of a given size are assumed to have a uniform
spatial distribution between zero and their maximum possible
range. The total energy input to the receiving surface is
equal to the arrival rate times the time during which the
clad continues to oxidize vigorously, on the order of 8 r 10
minutes. If the fuel/clad axial location reaches the melting
95
TABLE 3-2
Particle Size Frequency Distribution
y= (D MIN + DMAX)/2
a (DMA - p)/2
Frequency
P + Ia
yi +(7
y - 2a p - a y p + a y + 2a
Diameter
Diameter
P - 2 a < D <p -
3y~ - C < D < p -
P - cy < D < y +
y + a < D < p +
y + 3 < D < p +
3
1
1
3
2 a
Frequency
0.044
0.242
0.383
0.242
0.044
temperature of ZrO2, spallation ceases.
The temperature rise in the receiving surface (assumed
to be stainless steel) is calculated by using the solution
to the semi-infinite transient conduction equations. For a
constant surface heat flux, the appropriate equation is (H2):
T = T. + 2(/A) -x 2- (q/A). 1-erf Xk Tr O4aT k 2 /a
3.16
where a = thermal diffusivity of the receiving surface,
(cm 2/s)
x = depth into surface, (cm)
T = time, (sec)
k = conductivity of the receiving surface,
(W/cm *C)
(q/A) = surface heat flux, (W/cm 2
The temperature rise is calculated using equation 3.16,
where (q/A) is taken as the maximum value of (q/A) eff given
by Eqn. 3.15. This maximum value of heat flux is assumed to
be constant during the entire interval in which the clad
node oxidizes. The receiving surface peak temperature is
the variable of interest and it is obtained by setting x= 0
in Eqn. 3.16, giving:
T = + 2 (q/A3 .1T = T. + 2 (/) aT3.171 k 'IT
The values of receiving surface peak temperature thus
obtained may be used in evaluating the potential for exo-
thermic oxidation of the receiving structural surface; how-
ever, such analysis is beyond the scope of this project.
For the purposes of this report, the temperature rises are
employed qualitatively, so as to assess the potential for
energy transfer via the levitation and convection mechanism.
3.3 ENERGY TRANSFER VIA BURNING PARTICULATE: RESULTS
The energy transfer via burning particulate has been
analyzed for the pool configuration case illustrated in
Figure 2.10. For this case, spallation is assumed to occur
for the duration of the "spike" (lower curve) in Figure 2.10.
This is the period of the most rapid oxidation of the clad,
and is thought to be the most likely time at which spalla-
tion could occur. The PARTICLE code is run for a series of
discrete values representative of the oxidation period,
shown in Table 3-3.
The PARTICLE results for the values in Table 3-3 are
presented in Table 3-4. The frequencies given in Table 3-2
are used, together with total zirconium oxidized in the in-
terval and Eqn. 3.15 to obtain effective energy fluxes to
horizontal structures. These values are tabulated in Table
3-5 for the first and last oxidation intervals presented in
Table 3-3. It is apparent that the effective heat fluxes,
which were all calculated relative to a receiving surface
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TABLE 3-3
Input Values to the PARTICLE Program
Time From
Initiation
of Accident
(seconds)
41400
42300
42540
42610
42670
42730
Peak Clad
Tempera-
ture
(*C)
1014
1117
1656
2117
2465
Peak Air
Tempera-
ture
(*C)
1005
1097
1574
2006
2344
Reduction
in Clad
Thickness
(cm)
4. 57 x 10- 3
6. 35 x 10 3
1.259 x 10-2
1.194 x 10-2
2. 584 x 10-2
------- clad relocates--------------
TABLE 3-4
Particle Distributions for Ramp in Figure 2.3
Time From
Initiation
of Accident
(seconds)
42300
42540
42610
42670
Diameter
(cm)
.001665
.002773
.004617
.007687
.01280
.001744
.003041
.005304
.00925
.01613
.001801
.00324
.00584
.01052
.01896
.001840
.003384
.006226
.01145
Time
(seconds)
1.11
.475
.250
.160
.001
1.0
.500
.301
.202
.007
1.15
.650
.350
.251
.257
1.15
.650
.350
.251
Distance
(cm)
44.32
34.44
21.64
12.13
.612
61.11
49.81
36.72
21.54
.641
69.63
69.04
50.87
33.17
.032
74.7
76.37
57.88
38.49
.02107 .0016
Temper-
ature
(0C)
10.4
379.8
916.
1070.
1170.
10.1
564.3
1395.
1671.
1767.
10.
419.
1672.
2079.
2232.
10.
426.6
1912.
2400.
.022 2582.
100
TABLE 3-5
Effective Energy Fluxes to Horizontal Structures
Time from initiation of accident = 42300 seconds
Distance (cm) (/A) eff (W/cm ) per assembly
0.0
1.2 x 10~
3. 48 x 10-3
2. 39 x 10-2
3.89 x 101
Time from initiation of accident = 42670 seconds
(/A)ff (W/cm ) per
3.4 x 10 2
Distance (cm)
76.4
57.9
38.5
0.022
1.51
3.09
4.127 x 102
assembly
TABLE 3-6
Thermophysical properties of 5% Cr Steel (Hl)
a = 0.011 cm 2/s
k = 0. 4 W/cm 0 C
44.32
34.44
21.64
12. 13'
0.625
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temperature of 10*C are relatively low. The spatial energy
variation of the effective energy input rate is plotted in
Figure 3.1. The amount of decay heat radiated and con-
ducted to the upper tie plate by the tops of the fuel pins
is approximately 0.103 w/cm 2, where the decay heat genera-
tion is taken as 5 kw/MTU. For simplicity, the conservative
approximation is made that the maximum heat flux (for TIME=
42670) exists for the entire episode of vigorous oxidation.
The maximum possible temperature rise is then calculated
using Eqn. 3.17 and values of (q/A)eff estimated from Figure
3.1, and properties of steel given in Table 3-6. The re-
sulting temperature rise of the adjacent tie plates for the
dispersion of burning particulate is presented in Figure
3.2. The large temperature rise apparent within the first
10 centimeters should be viewed in light of the conservative
nature of the evaluation, and would be lower if the analysis
were extended to a larger number of particles.
3.4 PROPAGATION VIA PARTICULATE: SUMMARY
The analysis presented above indicates that it is pos-
sible to transfer large amounts of heat within relatively
short distances via levitation and convection of burning
particulate. Figure 3.2 shows that the majority of the
energy will be deposited within a short distance of the
burning assembly. At distances greater than the vicinity of
the burning assembly, the energy transfer and resultant tem-
perature rise are quite low. First-hand observation (B3) of
(q/A) eff
(W/cm2
20
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8
6
4
2
0
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Figure 3.1 Spatial Variation of Effective Heat Flux
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the spallation of vigorously oxidizing clad suggests that
the use of a spallation rate of 50% of the oxidation rate
is an order of magnitude too high. Additionally, the as-
sumption that all clad which spalls from the rod will be
buoyed by the air flow is not supported by experimental
data, which show that much of the spalled metal leaves the
clad in large fragments.
Further investigation in this area should examine mech-
anisms for the formation of unreacted Zircaloy particles.
Additionally, the particulate obtained in recent experiments
should be sized to provide a basis for the present analysis
or future revisions.
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CHAPTER 4
ZIRCONIUM VAPOR ANALYSIS
4.1 MECHANISMS FOR FORMATION OF ZIRCONIUM VAPOR
The objective of this portion of the analysis is to
ascertain whether unreacted zirconium in a pool experiencing
runaway oxidation could vaporize, and if so, what would be
its subsequent behavior. It is believed that a cloud of
zirconium vapor, generated in an oxygen depleted region of
the burning fuel pool, may be diffuse or be convected to a
region of higher oxygen concentration, where it could burn
or explode. Experience gained with metal fires indicates
that it is indeed possible to sustain dust explosions (H3).
Fires of this nature have occurred in the past at manufac-
turers' scrap piles, where millings from pyrophoric metals
have been improperly discarded. For situations such as
these, the metal dust is present at (and responsible for)
the explosion and ensuing conflagration. The mechanism pro-
posed for fuel pool analysis is radically different in two
respects:
1) The fuel for the reaction is a gaseous phase, rather
than a finely divided solid, and
2) The reacting substance must be generated as a result
of the oxidation process, that is, it does not pre-
exist, as metal dust or millings.
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Pertinent thermodynamic properties of zirconium and its
oxide are listed in Table 4-1. compiled from references (B4),
(Pl), (Kl), (Ml), (L2), (S7), and (Ql). It is observed from
Table 4-1 that the density of zirconium vapor (pZr = 0.311
kg/m ) is greater than three times the density of air at the
same temperature (pair,3578K = 0.0948 kg/m3 ). Thus, it is
expected that a cloud of Zirconium vapor would fall through
the rising hot air. As the zirconium descends down the
channel, it will either enter a region of higher oxygen con-
tent and oxidize or cool and condense on the surrounding
rods and structures.
The analysis of the vaporization of zirconium consists
of two portions: a part related to the vaporization mecha-
nism and a part related to the subsequent behavior of the
vapor. Quantitative analysis of this mechanism is beyond
the scope of this report; however, observations related to
the following aspects of the problem are pertinent.
1) Any method to assess the ability of zirconium to
vaporize must entail a reaction kinetics formulation. Two
possible modes of vapor generation can occur: the vapor is
generated in the unreacted portion of a piece of clad under-
going vigorous oxidation on its external surface, or the
vapor is generated by an unreacted piece of Zircaloy in an
oxygen depleted environment. A description of the first
mode of vapor generation must include the migration of the
zirconium vapor through the oxidizing layer without itself
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TABLE 4-1
Thermophysical Properties of Zirconium and its Oxide
Zirconium
Zirconium
Dioxide
ZrO 2-
Melting Point, *C
Boiling Point, *C
Heat of Fusion,
kcal/mole
Heat of Vaporization,
kcal/mole
Heat of Transition
((ct + 6) , kcal/mole
Vapor Density (kg/m 3
@ 3578 0K, 1 atm
1855.
3578.
5.5
142.150
0.920
0.31073*
Vapor Pressure for zirconium, 1949 < T< 2045 0K is given by:
log P = - (31066/T) + 7. 3351 - 2. 415 x 104 T
where P is in atmospheres, T is in degrees Kelvin. At
higher temperatures, the following measurements have been
made for pure zirconium:
Temperature, *K
2450
2700
3000
3850
Vapor Pressure,
atmospheres
10-2
1.0
*Calculated by ideal gas approximation.
2700.
5000.
20.8
N/A
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undergoing the oxidation reaction. Neglecting considera-
tions of meling and boiling points, it might be thought
possible that the zirconium vapor could diffuse through the
zirconia matrix to the oxide-film gas interface where the
reaction occurs; however, studies (M2) show that oxygen is
the diffusive ion and that the reaction occurs at the metal-
oxide film interface. It is thus unlikely that zirconium
vapor could be released at the surface by diffusing through
the oxide layer.
2) The second possible mechanism, that of vapor genera-
tion by zirconium in an oxygen depleted environment, is only
thought to be possible in a configuration such as shown in
Figure 4.1. The reaction flame front and the depleted oxy-
gen region are depicted in the figure. It is conceivable
that the clad adjacent to the flame front may experience
sufficiently elevated temperatures for the Zircaloy to va-
porize. However, a mechanism must then be proposed which
explains why the clad remains in the oxygen depleted region
sufficiently long to undergo vaporization, while it is pos-
sible for the clad to melt and relocate at a temperature
thousands of degrees lower than the boiling point. It is
considered unlikely that unreacted clad would be subjected
to heat fluxes due to chemical oxidation high enough to
cause the thin outer layer of clad to sublimate. None of
the computer studies performed during the course of this
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Figure 4.1 Postulated Mechanism of Zirconium Vapor Generation
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research have indicated that clad in the oxygen depleted
region reach temperatures at which vaporization is possible.
No temperatures recorded in the experiments performed at
Sandia (discussed in Chapter 5) could have resulted in zir-
conium vaporization.
3) Despite the above observations, it is conceivable
that the scenario depicted in Figure 4.1 may exist. It
may be hypothesized that the vapor generated in the un-
reacted region could be carried up to the assembly exit via
the convective air flows present in the holder, rather than
sinking through the hot air as postulated previously. If
oxygen is present at the assembly exit, then a diffusion
flame could result, analogous to a Bunsen burner. If for
some reason there were no oxygen available at the assembly
exit, then the subsequent behavior of the vapor would be
governed by the same plume dispersion mechanics as the par-
ticulate, as discussed in Sec. 3.3. If it is assumed that
a cloud of zirconium vapor has the same ignition character-
istics as a cloud of very fine zirconium dust particles,
then the minimum explosive concentration of zirconium at
20*C is 0.045 mg/cm 3, as reported in reference B4.
4.2 QUANTITATIVE ANALYSIS OF VAPOR GENERATION
A one-dimensional implicit radial conduction model of
the cross-section of a fuel rod was developed to assess the
feasibility of vapor generation. The code is based upon
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premise (1) discussed in Sec. 4.1, namely, that the vapor
is generated in the inner portion of the clad undergoing
vigorous oxidation. In the code, the fuel, gap, and clad
temperatures are monitored as the oxidation front sweeps
through the clad thickness. The oxidation model employed
is that of Chapter 2, a parabolic kinetics formulation which
is evaluated explicitly for each time interval, while all
other parameters are calculated implicitly.
The VAPOR code, listed in Appendix D, is programmed to
vary the thermophysical properties of clad elements as func-
tions of temperature and constitution (Zr or ZrO2). A con-
stant heat input is assigned, and the external surface of
the clad is subjected to radiative and convective cooling.
However, the code was not programmed to model the behavior
of the oxidation reaction within the clad for the diffusion
controlled regime, for the reasons outlined in Sec. 2.2.
Restricted by limited thermophysical property data at ele-
vated temperatures, the lack of properly characterized data
for fuel and gap properties and the absence of diffusion
controlled reaction kinetics, the VAPOR code can offer
little quantitative information about the potential for
vapor generation. The one-dimensional nature of the code
(no axial conduction) ignores an important heat sink for
the chemical oxidation energy during a rapid oxidation
reaction.
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4.3 ZIRCONIUM VAPOR ANALYSIS: SUMMARY
The discussion of zirconium vapor generating mechanisms
in Sec. 4.1 indicates that there is not sufficient data
available from which to formulate quantitative models. There
is no evidence to suggest that vaporization of zirconium can
occur by the mechanisms discussed above. Still, it is con-
ceivable that a holder basket may be blocked at a certain
axial level, forming a crucible, so that heat input from the
oxidation reaction in adjacent regions could vaporize a por-
tion of the molten clad. However, blockage of assemblies
would be expected to reduce the amount of oxygen available
for oxidation, thereby reducing the chemical energy input
and limiting the runaway.
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CHAPTER 5
COMPUTER SIMULATION OF SANDIA EXPERIMENTS
5.1 INTRODUCTION
In conjunction with this research, experiments were
performed at Sandia National Laboratories in which Zirca-
loy-2 tubes, heated in an inert environment, were suddenly
exposed to air. High-speed movies and luminosity measure-
ments of the oxidation reaction were taken. Additionally,
temperatures of various components of the assembly were re-
corded by thermocouples. This chapter describes modelling
efforts to simulate the behavior of the clad tubes observed
during the experiment.
5.2 SANDIA EXPERIMENTS ON ZIRCONIUM BURNING
5.2.1 Experimental Configuration
The zirconium burning experiments performed at Sandia
National Laboratories employed nine silicon-carbide heaters
of which three or more were sheathed with Zircaloy-2 tubing.
Figure 5.1 illustrates the configuration of the experiment
apparatus.
The assembly consists of a circular chamber 18 cm in
diameter filled witn alumina fluff insulation. A trapezoi-
dal duct of 26 cm2 cross sectional area is located along
the axis of the chamber. Inside the duct, nine silicon-
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Figure 5.1 Configuration of Zirconium Burning Apparatus.
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carbide electric resistance heaters of radius 0.635 cm are
arranged, several of which are enclosed in Zircaloy-2 clad-
ding of inner and outer diameters of 0.546 and 0.484 res-
pectively. The length of the heater rods is approximately
33 cm. In several tests, a stainless steel holder was pre-
sent to restrain lateral movement of the rods.
The gas flowing through the assembly, either helium or
air at 1 atmosphere, was introduced at the base of the
assembly, and was vented to the room atmosphere through a
short length of tube.
5.2.2 Experimental Data: Air Test #4
The primary objective of the experiments was to serve
as a subject for the refinement of in-pile visual diagnostic
methods under development at Sandia. The need to make ex-
tensive use of thermocouples in obtaining temperature mea-
surements was subordinate to the need for maintaining good
visibility. Consequently, there are few tests which yielded
appropriate data. The most useful data were obtained during
Air Test #4. In this test, three heaters were clad, while
the remaining heaters were left bare. The experiment used
the following procedure (Sl):
1) Heaters were raised to a steady-state temperature
of approximately 10000C in a helium flow at 12
liters per minute (lpm).
2) Individual heater power was set at 175 watts; the
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airflow was then changed from 12 lpm He to 12 lpm
air; temperatures were recorded at 1 minute inter-
vals.
The time temperature history for the central pin in the
assembly was recorded at the following axial locations:
1) approximately 3 - 5 cm below the top of the pin
2) at the mid-point of the pin
The temperature histories for these locations are presented
in Figure 5.2, along with the temperatures recorded at the
mid-height on the alumina fluff side of the zirconia liner,
which separates the airflow from the alumina fluff insula-
tion. Figure 5.3 shows the temperature histories for the
following mid-height locations:
1) the centrally located, clad tube
2) an off-center clad tube
3) an off-center bare-heating element
These data are tabulated in Table 5-1.
The temperature rise shown in Figure 5.2 for the time
2 to 11 minutes represents the simultaneous occurrence of
three transient phenomena:
1) the temperature rise due to increased heater input
power, since steady-state was attained for a lower
heater input power,
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Figure 5.2 Experimental Data for Zircaloy-2 Oxidation in Air
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Figure 5.3 Experimental Data for Zircaloy-2 Oxidation in Air
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TABLE 5-1
Experimental Data for Zircaloy Oxidation in Air
Time From
Introduction
of 02,
minutes
0
1
2
3
4
5
6
7
8
9
10
11
12
12.25
13
14
15
16
17
18
19
20
21
22
23.5
24
25
26
27
28
29
30
Temperature, *C
TOP
PIN
1035
1039
1057
1136
1287
1396
1438
1440
1490
1435
1471
1518
1551
1571
1558
1531
1505
1486
1467
1453
1440
1422
1460
1471
1525
1460
1385
1329
1299
1258
1225
1196
MID
PIN
1119
1119
1130
1204
1293
1348
1390
1397
1384
1375
1390
1428
1454
1466
1473
1480
1473
1453
1440
1422
1409
1416
1448
1467
1518
1447
1366
1305
1275
1234
1199
1164
BOT
PIN
932
937
948
997
1057
1102
1136
1147
1142
1139
1139
1153
1164
1171
1182
1193
1199
1187
1176
1168
1159
1153
1171
1171
1199
1159
1096
1052
1024
986
948
911
MID-
LINER CLAD
868
868
874
905
970
1041
1096
1119
1130
1142
1183
1182
1222
1227
1246
1252
1252
1246
1240
1222
1216
1204
1216
1222
1246
1246
1217
1176
1136
1102
1069
1041
1080
1085
1110
1193
1264
1317
1354
1354
1342
1342
1360
1390
1422
1427
1435
1441
1441
1428
1406
1390
1378
1378
1396
1406
1454
1427
1348
1293
1240
1199
1164
1130
MID-
BARE
1041
1041
1057
1130
1199
1252
1284
1281
1275
1269
1293
1326
1360
1360
1366
1372
1375
1372
1354
1342
1330
1330
1336
1342
1375
1366
1305
1252
1205
1170
1136
1102
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2) the temperature rise due to energy liberated by
the oxidation reaction,
3) the melting of the stainless steel spacer.
It has become apparent that the coupled nature of these
phenomena limit the usefulness of the data.
The temperature rise during the time 20 to 24 minutes
is attributed to the fact that the heater input in the oper-
able heaters which remained, was increased during this peri-
od. The following observations have been made (B3) with
respect to the temperature measurements. The temperatures
measured by the thermocouples may be considerably lower than
the true temperatures at a given axial location. Discrepan-
cies may arise due to two mechanisms.. Since the thermocou-
ple is in contact with the outer surface of the clad and not
welded to it, the thermocouple is insulated by the ZrO 2
oxide film, which is a much poorer thermal conductor than
zirconium. As the oxidation front moves into the clad, the
insulating thickness of the oxide layer leads to steeper
temperature gradients in the clad. If the oxidized clad
beneath the thermocouple fragments, the insulating charac-
teristic is further exacerbated by the presence of a gas
filled gap between the fragmented oxide and reacting metal
oxide film interface. The second mechanism which may lead
to erroneous readings is the fact that the thermocouples
are not attached to the clad surface, but merely rest
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against the clad surface when the apparatus is assembled.
Bowing of the clad surface, which is evident in the movies
taken of the experiment, could add large resistances to the
thermocouple-clad system. It is conceivable that the bow-
ing mechanism could result in apparently large, rapid clad
temperature variations.
5.3 COMPUTER SIMULATION OF EXPERIMENTAL TESTS
5.3.1 Introduction
The experiment modelling effort focused on two sets of
control volume boundaries. In the first approach, the be-
havior of the rods, canister and gas were modelled, using
the CLAD code. The second approach employed the VAPOR code
mentioned in Chapter 4, in an attempt to simulate the de-
tailed processes taking place in the oxidizing clad. How-
ever, this effort was later abandoned because the VAPOR code
does not have the capability to calculate the diffusion con-
trolled behavior of the oxidation reaction front within the
clad.
5.3.2 Experiment Simulation Code: CLAD
The stand alone SFUEL code used to analyze open frame
spent fuel holders was revised in an effort to simulate the
zirconium burning experiments performed at Sandia. However,
the essence of the code is still that of its predecessor:
the array of fuel rods is modelled as a single component.
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In the new code, the model has been extended to calculate
the temperature and oxidation potential for a central rod.
The principal components modelled by the CLAD code are de-
picted in Figure 5.4. The major characteristics of the
code are as follows:
1) the original air temperature calculation scheme
has been replaced by a donor-cell method;
2) axial heat conduction is calculated for the fuel
bundle only;
3) in the new code, all temperature calculations,
except evaluation of fuel temperature, are performed
implicitly; thus, the stability criteria of Sec. 2.2.5
applies to the fuel/clad nodes;
4) the rods are assumed to remain intact while under-
going vigorous oxidation;
5) the gas mass flow and heater power are input and
constant;
6) the principal mode of convective heat transfer is
by forced convection; assuming that natural convec-
tion is negligible, the energy equation is uncoupled
from the momentum equation and solved independently;
7) radiation, conduction and convection modes are in-
cluded;
8) convection heat transfer models are: forced convec-
tion for rod bundle, constant Nusselt number and
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Figure 5.4 Experiment Simulation Model
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natural convection from the exterior of the canis-
ter;
9) the oxidation thickness is evaluated explicitly,
using the parabolic kinetics formulation of Sec.
2.2;
10) The diffusion-limited oxidation reaction is governed
by the Sherwood number calculated using the Chilton-
Colburn analogy for heat and mass transfer.
The natural convection heat transfer correlation used
for the exterior of the canister is the same as that for
the global SFUEL code (see Appendix A). Examination of the
ratio of assembly length to hydraulic diameter (approxi-
mately 25) shows that the velocity profile is not expected
to become fully developed at any point in the assembly. For
the Reynolds numbers encountered in this experiment (on the
order of 10 % 100), no experimental data on heat transfer
coefficients for turbulent developing flow parallel to an
array of rods was found. Even the use of the Reynolds ana-
logy to obtain a value of Nusselt number from the available
fully developed friction factor data for laminar flows paral-
lel to rod arrays is not strictly correct. Kayes (K3) gives
the following solution for Nusselt number in the entrance
region of a circular tube:
Nu = Nu + K.[(D/x)RebPr1
1 + K 2[(D/x)Re bPr]n
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where for uniform wall heat flux and developing velocity
distribution:
Nu, = 4.36
K 1 = 0.023
K2 = 0.0012
n = 1.0
The fully developed friction factor for laminar flow paral-
lel to a rod array with the same pitch to diameter ratio as
the experiment rod configuration is obtained from the work
of Sparrow and Loeffler (S2). Use of Eqn. 2.7 yields an
approximate value of Nu= 10.02, for 10< Re<100. Evaluation
of Eqn. 5.1 shows that the Nusselt number does not vary ap-
preciably over the entire rod length. On this basis, a
constant value of Nu= 10.02 is employed in the CLAD program.
It is quite possible that the variation of Nu with entrance
length for a rod array may be substantially different from
that of Eqn. 5.1: the fully developed value is thought to
be a good approximation given the lack of experimental data.
The value of 10.02 is also used for the Sherwood number when
calculating the mass transfer coefficient for oxygen diffu-
sion in nitrogen for the diffusion-limited oxidation reac-
tion regime, as described in Sec. 2.2.
Simulation of the experiment required that the code be
provided with accurate thermophysical property data for the
fuel, clad, air and canister materials. Thermophysical pro-
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perties for which experimental values at elevated tempera-
tures were not available were input to the code as nominal
values, or the upper limits of available property-tempera-
ture correlations. A listing of the CLAD program is pre-
sented in Appendix E of this report.
5.4 EXPERIMENT SIMULATION: RESULTS
The CLAD program was run for the heat input and mass
flow rates of Air Test #4, performed at Sandia (see Sec.
5.2.2). Results for the steady-state calculations (prior
to introduction of air) compare favorably with the time= 0
experimental data. A plot of the predicted vs. observed
temperatures for the heatup of the mid-point of an off-
center clad rod is shown in Fig. 5.5, and tabulated in Table
5-2. However, the results for the oxidation portion of the
code compare poorly, with the code predicting temperature
rises several hundred degrees higher than those observed.
The divergence of the observed and predicted values is at-
tributed to the causes discussed in Sec. 5.2.2, and well as
the limitations of the phenomenological oxidation model em-
ployed in the clad code. Temperatures recorded during other
experiments have been observed to exceed 2400*C.
5.5 EXPERIMENT SIMULATION: SUMMARY
Experimental tests were performed for the vigorous oxi-
dation of Zircaloy-2 in an air environment. For reasons
related to experimental assembly configuration and the test
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TABLE 5-2
Comparison of Pre-Oxidation Assembly Heat-Up
Time
(minutes)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
22
24
26
28
30
Measured,
Off-Center
Clad Rod,
Mid Height
93
260
343
443
510
610
650
704
760
810
848
871
882
898
916
927
932
936
940
945
950
955
960
982
982
Predicted
Average Rod
Mid-Height
128
253
369
476
571
654
724
781
827
863
892
914
931
945
955
962
969
973
977
980
982
984
988
988
988
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objectives, limited data of a quantitative nature have been
obtained. Computer simulation of the test results is suc-
cessful for the non-oxidizing heat-up period of the assem-
bly; however, satisfactory results for the oxidation results
could not be obtained. The cause of this discrepancy is
attributable to both insufficient modelling of the assembly
(assumptions 1 to 10, Sec. 5.3.2) and the phenomena des-
cribed in Sec. 5.2.2,which are not amenable to quantitative
analysis. There is insufficient evidence to indicate that
the oxidation model is itself at fault for the deviation
between experimentally measured and predicted values.
Future work in computer simulation of the oxidation
effect must be based on an appropriate database. It is re-
commended that oxidation models, other than the parabolic
model, be developed to incorporate non-uniformity of oxygen
concentration and variable temperature capabilities.
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CHAPTER 6
PROPAGATION OF ZIRCONIUM BURNING: CONCLUSIONS
The SFUEL code has been revised and extended to cal-
culate the propagation of runaway zirconium oxidation in
a spent fuel pool following loss of water. Analysis of
cylindrical and high-density storage arrangements have
engendered the following conclusions:
1) The high density storage configuration is most sus-
ceptible to propagation of zirconium runaway oxidation.
2) The minimum decay time for spent fuel to be stored
adjacent to recently discharged fuel (% o90 days decay time)
is approximately two years (decay power < 4.0 KW/MTU), if
propagation of zirconium runaway oxidation is to be pre-
vented for a high density storage configuration.
3) Levitation and dispersion of particulate does not
play a major role in the propagation of energetic zirconium
oxidation. It can at most increase the likelihood of burn-
ing in fuel holders immediately adjacent to that containing
fuel experiencing runaway oxidation. Even for this situa-
tion, the effective heat flux due to particulate is small
relative to the radiated and convected heat fluxes from the
assembly experiencing the zirconium burning.
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4) There are no feasible mechanisms for the generation
of zirconium vapor in a spent fuel pool in which assemblies
are vigorously oxidizing. In the event that zirconium vapor
is generated, it will either suppress the natural convection
in the holder, reducing chemical energy release via oxygen
starvation, or sink through the rising air and subsequently
burn at the oxygen diffusion front. Alternatively, if the
zirconium vapor descends to lower, cooler portions of the
fuel pool prior to oxidizing, it may cool sufficiently to
condense.
5) Fuel relocation as modelled in this report acts to
contain runaway oxidation in adjacent fuel holders by remov-
ing the heat source to lower, cooler portions of the spent
fuel pool.
6) Fuel relocated to the base of the holder may ob-
struct the baseplate hole causing extinguishment of the oxi-
dation reaction via oxygen starvation. It is suggested in
NUREG/CR0649 that coolability of spent fuel during a postu-
lated accident, prior to runaway,may be maintained for a
nearly complete drainage of the pool (water blocking base-
plate holes) by drilling holes at various elevations in the
lower part of the holders. It is apparent that this design
change could exacerbate the vigorous oxidation situation
by: a) allowing hot reaction gases to enter the inter-holder
spaces, resulting in larger convective heat fluxes to adja-
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cent fuel holders; b) providing more oxygen for the oxida-
tion reaction and thereby reducing the regions of diffusion-
controlled reaction; and c) negating the ability of relo-
cated fuel to cause extinguishment of runaway oxidation via
obstruction of the baseplate holes.
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APPENDIX A
HEAT TRANSFER COEFFICIENTS AND SKIN
FRICTION CORRELATIONS USED IN SFUEL
(AFTER NUREG/CR0649)
TABLE A-i
Equations Used for Nusselt Number and Skin Friction Coefficient*
Flow Geometry Laminar Flow Turbulent Flow
1. Forced Convec-
tion Parallel
to a Flat Plate
(NuD )l= 0.332 Re 0.5Pr 0 -33-
(c f) 1= 0.664 Re -0.5
(N)00296R 0.8 0.6 DH
uDl e Pr
(c f) 1 = 0.0592 Re -0.2
Re 5 x105
Blasius Solution [El]
2a. Forced Convec-
tion Between
Parallel Plates
(Applied Out-
side Fuel
Element)
(NuD 2 = 7.54 + 0.0234 ReDPr -- ]
(cf)2= 2 4 /ReD
ReD 
-
3000
"Power Law" Solution [El]
(NuD )2 = 0. 023 ReD 0 8 Pr0 .
4
(cf 2= 0.0014+ 0.125 Red 0.32
ReD 3000
Poiseuille Solution [El] Correlation [El,S4]
Re 5 x 105
TABLE A-i (Cont'd.)
Flow Geometry Laminar Flow Turbulent Flow
2b. Longitudinal
Forced Convec-
tion Between
Parallel Tubes
in an Infinite
Array (Applied
Inside Fuel
Element)
3. Free Convection
Past a Vertical
Plate
(NuD) 2 = 8
(c) 2 = 2 5 /ReD
ReD 3000
Sparrow-Loeffler [S5]
(NuD 3 = 0. 36 Gr 025 DH
Gr 1x10 , Pr=0.71
Assumed to be same as (2a).
u.33([rD H
(NuD 0. 116 Gr
Gr
x-
9l x10 , Pr= 0.71
Correlation [El]
*To obtain Nusselt number for a particular condition,
Correlation [El]
take the maximum of (NuD)l'
(NuD)2 ' and (NuD)3. To obtain skin friction coefficient, take the maximum of (c f)
and (cf)2 '
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SFUELlW INPUT, OUTPUT AND PROGRAM LISTING
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SFUELlW INPUT, OUTPUT AND PROGRAM LISTING
B.1 SFUELlW INPUT
The SFUEL program was developed on a Control Data com-
puter operating system. To implement this program on the
Information Processing System's Multics computer, it was
necessary to incorporate a restart capability in the pro-
gram. A namelist output file, under the heading $RESTRT,
is used rather than a BLOC data transfer to facilitate pro-
gram debugging and allow variables to be altered prior to
restart. The first card of the SFUEL1W input contains two
entries:
IRESRT = 1 Program begins calculations from time = 0.
0 Program is being restarted with a $RESTRT
data file.
TTEST Time at which restart file is written; file
is updated during each printout.
The format for the first card is:
1 2 0 0 0 0 or I10,I10.
The remaining input is identical to that for the original
SFUEL program, and is entered under the namelist heading
$INPUT. The interested reader is referred to NUREG/CRO649,
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Appendix D,for a list of the names, dimensions and units of
the input variables. For the code presented in this appen-
dix, the following variables described in NUREG/CR0649 have
been rendered inoperable in the course of revising the SFUEL
code.
ASINK DAMP IPLOT TIMWON
CSINK DMWTR PRMAX VENT
CPS EPS TIMWOF
Additionally, it is recommended that the following var-
iables only be input with these specified values:
FSTR = 1.0 IBLOCK = 3
Use of other than these values will lead to computational
instability.
A sample input listing is shown in Table B-l. This
particular case corresponds to the curve in Fig. 2.7, run
for the modified SFUEL code.
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TABLE B-1
Sample Input Listing
1 32000
PWR CYLINDRICAL
$INPUT
DELT =
FL
FSTR =
IBLOCK =
ICHEM =
NCEND =
NSECT =
NROD =
RHOW =
EPW
POWO =
RCI
RCO
RF
ROWS =
TIMEX =
NPRINT =
FDECAY(l) =
RACK
50.
366.
1.0
3.
1.
1.
6.
289.
7.82
0.30
0.4614
0.418
0.475
0.401
0.0
43200.
-36.
2.72, 3.76,
NPRNEW
VROOM
WS
WW
XW
XWL
XS
XWW
CPW
FMULT
NDECAY
NASS (1)
SKBOT
TRDELT
UL
TRMAX
= 36.
= 4.25e9
= 21.4
= 28.0
0.351
= 40.6
= 0.0
= 3.69
= 0.460
= -1.0
= 6.
1, 5 * 4
= 0.0
= 2232.
= 0.
= 6000.
5.05, 5.90, 8.20, 11.04
For variables not appearing in
values are used.
the above list, the default
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B.2 SFUELlW OUTPUT
The user has the choice of long or short output format,
depending upon the sign of the input quantity NPRINT. The
short output format provides output for the hottest pool
section only. A short-format output is shown in Table B-2,
these results corresponding to the input of Table B-1, with
an elapsed real time of 10 hours. The variables shown in
Table B-2 are defined in Appendix B of NUREG/CR0649, in or-
der of their appearance in the output.
The following variables have been replaced in the
printout:
TS has been replaced by TAI+l, which is the tem-
perature at the interface of the airflow con-
trol volumes (*C).
TAVE2 has been replaced by TA3I, which is the tem-
perature of the interholder air control volume
interfaces (*C).
12 is not used.
In addition, the output variable IS has been redefined
as:
IS = 1 oxidation reaction is kinetics rate-limited
2 oxidation reaction is diffusion rate-limited
3 clad is completely oxidized
4 clad has melted and relocated
KIT- i DPFRAC= 9.342E-03
I TL(I) J
1 1.122E+01 1
2 1.133E+01 2
3 1.147E+01 3
4 1.165E+01 4
5 1.186E+01 5
6 1.209E+01 6
7 1.234E+01
8 1.260E+01
9 1.285E+01
10 1.310E+01
11 1.332E+01
12 1.351E+01
13 1.366E+01
14 1.375E+01
15 1.378E+01
16 1.374E+01
17 1.363E+01
i8 1.344E+01
19 1.317E+01
20 1.220E+01
*** TIME = 3.600E+04 ***
DGFRAC= 5.839E-03 TRMAX= 3.230E+02 TROOM= 1.000E+01 PROOM= l.013E+06 DELT= 500.00000
TB(J) TA4AVE(J) PA4AVE(J) FOXAVB(J) GNIAVB(J) GNI(J,1) GNI(J,2) GNI(J.3)
1. 122E+01
1. 151E+01
1. 153E+01
1. 151E+01
1. 159E+0i
1.171E+01
1.263E+01
1. 264E+01
1.265E+01
1.267E+01
1.271E+01
1.276E+01
4.376E+02
4.375E+02
4.372E+02
4. 370E+02
4.369E+02
4. 369E+02
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
9.697E+01
1.771E+02
1.4 19E+02
1.044E+02
6.460E+01
2. 196E+01
6.544E+00
3. 374E+01
3.668E+01
3.825E+01
4. 135E+01
4.393E+01
1 .000E-10
1.000E- W
i .000E-10
1.000E-10
1.000E- 10
1.000E-10
-2.005E+02
-2.OOOE- 10
-2.OOOE-10
-2.000E-10
-2.000E- 10
-2.000E-10
.- 6
TR TAVEI 11 TAiI+l
2. 101E+01
3. 129E+01
4.473E+01
6.075E+01
7.897E+01
9.903E+01
1.205E+02
1.430E+02
1.660E+02
1.891E+02
2. 118E+02
2. 336E+02
2.541E+02
2.727E+02
2.891 E+02
3.029E+02
3.137E+02
3.212E+02
3.230E+02
2.958E+02
i.679E+01
2.396E+01
3.439E+01
4.785E+01
6.404E+01
8.261E+01
1.031E+02
1.251E+02
1.481E+02
1.716E+02
1.949E+02
2. 177E+02
2.394E+02
2.595E+02
2.775E+02
2.930E+02
3.057E+02
3. 152E+02
3.200E+02
3.050E+02
2.038E+01
2.9 1BE+01
4. 112E+01
5.595E+01
7.332E+01
9. 286E+01
1.141E+02
1.366E+02
1.598E+02
1.833E+02
2.063E+02
2.286E+02
2. 494E+02
2.685E+02
2.853E+02
2.994E+02
3.105E+02
3. 176E+02
3. 125E+02
3.050E+02
TA31 12
2.018E+01 0
2.846E+01 0
3.958E+01 0
5.331E+01 0
6.932E+01 0
8.726E+01 0
1.067E+02 0
1.272E+02 0
1.483E+02 0
1.695E+02 0
i.904E+02 0
2.103E+02 0
2.290E+02 0
2.459E+02 0
2.607E+02 0
2.730E+02 0
2.825E+02 0
2.883E+02 0
2.813E+02 0
1.413E+02 0
TW TAVE3 13 RCT FOX IS
1.730E+01
2.489E+01
3.579E+01
4.975E+01
6.645E+01
8.551E+01
1.065E+02
1.289E+02
1.522E+02
1.759E+02
1.994E+02
2.221E+02
2.436E+02
2.633E+02
2.808E+02
2.957E+02
3.077E+02
3. 164E+02
3. 199E +02
3.003E+02
1.678E+01
2.358E+01
3.334E+01
4.583E+01
6.078E+01
7.785E+01
9.666E+01
1. 168E+02
1.377E+02
1.590E+02
1.801E+02
2.006E+02
2.200E+02
2.379E+02
2.538E+02
2.675E+02
2.785E+02
2.865E+02
2.900E+02
2. 727E+02
1.538E-04
1.538E-04
1.538E-04
1.538E-04
1.538E-04
1.538E-04
1.538E-04
1.538E-04
1.538E-04
i.538E-04
1.539E-04
1.539E-04
1.539E-04
1.540E-04
1.542E-04
1.545E-04
1.549E-04
1.552E-04
1.552E-04
i.543E-04
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.3001-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
2.300E-01
EGEN= 2.301E+09
ELINRS- 7.461E+04
ECONV3' 4.007E+05
PGEN= 6.391E+04
PLINRS= 8.453E-01
PCONV3= 1.548E+01
ECHEM= 2.939E+04
ELINRB- 8.207E+04
ESTAIR= 7.546E+05
PCHEM= 1.366E400
PLINRB= 9.773E-01
PSTAIR=-5.045E-03
EFUEL= 4.358E+08
ECONCS= 9.305E+05
EREMDR= 9.090E+05
PFUEL= -5.904E+00
PCONCS= 2.731E+01
PREMDR= 3.425E401
ESTR= 0.000E+00
ECONCB= 1.041E+06
EROOM= 0.000E+00
PSTR= 0.000E+00
PCONCB= 2.948E+01
QRooM= 0.000E+0()
EHOLDR= 1.293E+08
ECONVi= 1.645E+09
ESINK= 0.000E+00
PHOLOR=-2.256E+00
PCONVI= 6.040E404
OSINK= 0.000E+00
ERAD= 8.631E+07
ECONV2- 0.000E+00
ELOSS= 0.000E+00
PRAD= 3.415E+03
PCONV2= 0.0(X)E+00
01-OSS= 0 000E+00
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WSMG=SMG*DELX/RA 1740
RHOO=PO/(RA*TO) 1750
F0=.23 1760
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ECONCB=0. 1940
ECONV1=0. 1950
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QLOSS=0. 2080
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TIME=0. 2110
X (1)=0. 2120
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120 CONTINUE 2160
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QCL (I)=0. 2200
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130 CONTINUE 2220
DO 140 J=1,NSECT 2230
TB(J)=TO+1.E-10 2240
TBTOT(J)=0. 2250
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4 E1O.3 / " KMAX= ",15 / "
5 15 / " RHOC= ",E1O.3 / "
6 E10.3 / " RHOL= ",E 10.3
7 E1O.3 / " SMKCON=",E10.3
8 E1O.3 / " XKTOP= ",E 10.3)
WRITE (6, 4940)
4940 FORMAT(/" I TCOOL
WRITE(6,4950) (1, TCOOL(I),
4950 FORMAT(14, 1P2E12.3)
NDECAY=",
RHOCON=",E1O.3 / " RHOF= ",
" RHOS= ",E1O.3 / " RHOW= ",
/ TO= ",E1O.3 / " XKBOT= ",
FDECAY"/
FDECAY(I), 1=1,NDECAY)
START TIME LOOP
170 DO 174 J=1,NSECT
DO 172 I=1,NM1
TAVElO(IJ)=TAVE1(I,J)
TAVE20(I ,J)=TAVE2(IJ)
TAVE30(I,J)=TAVE3(I,J)
172 CONTINUE
TA4AVO(J)=TA4AVE(J)
174 CONTINUE
DO 178 J=1,NSECT
DO 176 L=1,3
AGNI=AXA1 (J)
IF (L.EQ.2) AGNI=AXA2(
IF (L.EQ.3) AGNI=AXA3(
GNIO1 (JL)=-200.*AGNI
DP01 (JL)=-PO
GNI02 (J,L)=GN 101 (J,L)
DPO2 (J,L)=DPo1 (J,L)
GNI03 (J,L)=200.*AGNI
DP03(JL)=PO
GNI04 (J,L)=GNI03 (JL)
DPO4(J,L)=DP03(J,L)
176 CONTINUE
178 CONTINUE
180 DO 550 K=1,KMAX
KIT=K
PCONV1=0.
PCONV2=0.
PCONV3=0.
PSTAIR=O.
IDIREC=-1
START LOOP THROUGH SECTIONS OF POOL
190 CONTINUE
INPUTG=0
IFLG=1
761 CONTINUE
DO 325 J=1,NSECT
TRMAX=8500.
IF(IRESRT.NE.1) NPRNTA=40
IF(IRESRT.NE.1) NPRNEW=5
IF(IRESRT.NE.1) NPRINT=+1
START DETERMINATION OF AIR PROPERTIES
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C 2 +(XKTOP*GI*GI*RA*TA2(NJ))/(2.*PROOM*AXA2(J)*AXA2(J))
IF (GNI (J,2) .LT.0.) DP(J,2)=PA2(1)-0.
C 1 -(XKBOT*GI*GI*RA*TA2(1,J))/(2.*PROOM*AXA2(J)*AXA2(J))
GOXBOT(J,2)=GOXO
PCONV2-PCONV2+GCP*TA2(N,,J)
C
C CHANNEL 1, WITHIN ASSEMBLY
290 IF (GNI (J,1)*IDIREC.LT.0.) GO TO 325
IF (GNI(J,1).GT.o.) GO TO 300
PA1(N)=O.+UPL
TA1(NJ)=TR00M
FOX(N,J)=FROOM
GOX(N)=FOX(NJ)/(1.-FOX(NJ))*GNI(J,1)
GI=GOX(N)+GNI (J,1)
GO TO 310
300 PA1(1)=PA4AVE (J)
TA1(1,J)=TA4AVE(J)
FOX(1,J)=FOXAVB(J)
GOX(1)=FOX(1,J)/(1.-FOX(1,J))*GNI (J,1)
GI=GOX(1)+GNI (J,1)
310 IF (IDIREC.EQ.-1) PA1(N)-PA1(N)-(XKTOP*GI*GI*R
I /(2.*PROOM*AXA1(J)*AXA1(J))
DO 320 li=1,NM1
I=N*((1-IDIREC)/2)+II*IDIREC
IBACK=I+(1-IDIREC)/2
IFWD=I+(1+IDIREC)/2
XPATH=(Il-.5)*DELX
XNC=FL*((1-IDIREC)/2)+XPATH*IDIREC
GOX(IFWD)=GOX(IBACK)-OXM(I,J)*IDIREC
IF (GOX(IFWD)*GOX(IBACK).LE.o.) GOX(IFWD)=0.
FOX(IFWDJ)=GOX(IFWD)/(GOX(IFWD)+GNI (J,1))
FOXAV=(FOX(IBACKJ)+FOX(IFWD,J))/2.
Gl=.5*(GOX(IBACK)+GOX(IFWD))+GNI (J,1)
CALL APROP(2, XPATH, XNC, FL, GI, DE, TS(I,J),
1 RHOA1(IBACK), PROOM, RE1, HSA1(1,J), SMFSA1
2 FOX(IBACK,J), HDR(I,J), IND1(I,J))
CALL APROP(2, XPATH, XNC, FL, GI, DE, TR(I,J),
1 RHOA1(IBACK), PROOM, REl, HRA1(I,J), SMFRA1
2 FOX(IBACK,J), HDR(I,J), IND1(I,J))
GCP1=GOX(IBACK)*CPOX+GNI (J,1)*CPNI
GCP2=GOX(IFWD)*CPOX+GNI (J,1)*CPNI
GCP=(GCP1+GCP2)/2.
GCPA=ABS(GCP)
CP=FOXAV*CPOX+(1.-FOXAV)*CPNI
PCA=PROOM*CP*AXA1(J)*DELX/(RA*DELT)
IF (HRA1(1,J).EQ.0.) HRA1(I,J)=1.E-15
WK1=HRA1(1,J)*AR(J)+HSA1(1,J)*AS(J)
A*TA1(N,J))
TA1(IBACK,J),
, AXA1(J),
TAl(IBACK,J),
, AXA1(J),
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5999 FORMAT(3X,"TIME =",2X,F12.2,3X,"DELT =",E1O.4)
805 EREMDR=EGEN+ECHEM-EFUEL-ESTR-EHOLDR-ERAD-ELINRS-ELINRB
1 -ECONCS-ECONCB-ECONV1-ECONV2-ECONV3-ESTAIR
PREMDR=PGEN+PCHEM-PFUEL-PSTR-PHOLDR-PRAD-PLINRS-PLINRB
1 -PCONCS-PCONCB-PCONV1-PCONV2-PCONV3-PSTAIR
IF (NP.EQ.O) WRITE(6,6010) PGEN, PCHEM, PFUEL, PSTR, PHOLDR,
1 PRAD, PLINRS, PLINRB, PCONCS, PCONCB, PCONV1, PCONV2,
2 PCONV3, PSTAIR, PREMDR, QROOM, QSINK, QLOSS
6010 FORMAT(/" PGEN= ",1PE10.3, " PCHEM= ",E10.3, " PFUEL=
1 E1O.3, " PSTR= ",E10.3, " PHOLDR=",E1O.3, " PRAD=
2 E1O.3/ " PLINRS=",E1O.3, " PLINRB=",E1O.3, " PCONCS=",
3 E1O.3, " PCONCB=",E1O.3, PCONV1=",E1O.3, PCONV2="
4 E1O.3/ " PCONV3=",E1O.3, " PSTAIR=",EIO.3, " PREMDR=",
5 E10.3, " QROM= ",E1O.3, " QSINK= ",E10.3, " QLOSS= ",
6 EIO.3)
GO TO 170
900 IF (IPL.EQ.0) GO TO 910
C CALL PLOTPR(O, 0, XPL, YPL, NPL, 1, 1, 0, 1H TITLE, XLAB,
C YLAB, 2, 1, 0., XMAX, 1, 0., YMAX)
NPLOT=NPLOT+1
C CALL PLOTND(940)
910 IF (NCEND.EQ.0) GO TO 81
999 CONTINUE
C 999 IF (NPLOT.GT.0) CALL EXTFLM(O)
STOP
END
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C APR00980
C TURBULENT FORCED FLOW BETWEEN PARALLEL PLATES APR00990
C APRO1000
50 DNU3=.023*(RE**.8)*(PR**.4) APRO1010
SMF3=.00140+.125/(RE**.32) APRO1020
IND3=2 APRO1030
GO TO 80 APRO1040
C APRO1050
60 IF (RE.GE.3000.) GO TO 70 APRO1060
C APRO1070
C LAMINAR FORCED FLOW THROUGH AN ARRAY OF TUBES APRO1080
C APRO1090
DNU3=8. APR01100
SMF3=25./RE APRO1110
IND3=1 APR01120
GO TO 80 APR01130
C APR01140
C TURBULENT FORCED FLOW THROUGH AN ARRAY OF TUBES APRO1150
C APR01160
70 DNU3=.023*(RE**.8)*(PR**.4) APRO1170
SMF3=.00140+.125/(RE**.32) APR01180
IND3=2 APRO1190
C APRO1200
80 DNU=DNU1 APRO1210
IND=3*INDI-2 APRO1220
IF (DNU1.GT.DNU2) GO TO 90 APRO1230
DNU=DNU2 APR01240
IND=3*IND2-1 APRO1250
IF (DNU2.GT.DNU3) GO TO 100 APRO1260
90 IF (DNU1.GT.DNU3) GO TO 100 APRO1270
DNU=DNU3 APRO1280
IND=3*IND3 APRO1290
100 SMF=AMAX1(SMF2,SMF3) APRO1300
H=SMK*DNU/DE APRO1310
HD=DIF*DNU/DE APRO1320
RETURN APRO1330
END APR01340
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SUBROUTINE FPROP(T, CF, CC, SMKF, SMKC, ICALL) FPROO100
C FPROO110
C FUEL AND CLAD PROPERTIES FPROO120
C FPROO130
IF (ICALL.EQ.0) GO TO 20 FPROO140
IF (T.GE.3200.) GO TO 4 FPROO150
THETA=535.285 FPROO160
EO=37.6946 FPROO170
CAPK1=19.1450 FPROO180
CAPK2=7.84733E-4 FPROO190
CAPK3=5.64373E+6 FPROO200
R=1.9865E-3 FPROO210
THETT=THETA/T FPROO220
EXPT=EXP(THETT) FPROO230
CF=(CAPK1*THETT*THETT*EXPT/((EXPT-1.)**2)+2.*CAPK2*T+((CAPK3 FPROO240
1 *EO)/(R*T*T))*EXP(-EO/(R*T)))*4.184/270.13 FPROO250
GO TO 6 FPROO260
4 CF=51.*4.184/270.13 FPROO270
6 CONTINUE FPROO280
IF (T.GT.1223.) GO TO 10 FPR00290
CC=(7.1E-2+1.7E-5*T-0.89E+3/(T*T))*4.184 FPROO300
RETURN FPROO310
10 CC=0.087*4.184 FPROO320
RETURN FPR00330
20 SMKF=0.030 FPR00340
SMKC=0.30 FPR00350
RETURN FPROO36O
END FPR00370
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PARTICLE INPUT, OUTPUT AND PROGRAM LISTING
C.1 PARTICLE INPUT AND OUTPUT
The particle program is an interactive code programmed
in FORTRAN IV. Input is entered via a free format READ
statement, or through data statements. Input variables are
given below in order of input.
Input
Variable
Name
TR
TAVEl
TROOM
GNI
AXAl
Definition
Temperature of zirconium particle
at its point of origin (*C)
Temperature of airflow into which
particle is spalled at its origin
(*C)
Temperature of air in the spent
fuel building above the fuel pool
(*C)
Nitrogen mass flow rate in the as-
sembly where the particle origi-
nates (mg/s)
Cross-sectional area of holder
from which the particle originates
(cm2)
Nominal
Value
10.
579.
175
PROOM Room pressure in fuel pool building 1.0315e5
(Pa)
UL Unheated upper length of fuel assem- 0.
bly (cm)
N The number of particle sizes to be 5.
analyzed
The input listed in Table C-1 was employed in the analysis
of Chapter 3 for the first four variables described above;
the other variables appear in data statements.
A portion of the output appears in Table C-2. The out-
put is self explanatory, with the following exception:
W = total airflow exiting the channel (nitrogen and
oxygen), and is given in units of mg/s.
TABLE C-l
Sample Input Listing
TR TAVEl TROOM GNI
1390 1370 283 14800
176
TABLE C-2
Sample Output Listing
TR= 1390.0 K W=.1820E+05 MG/S TAVEI= 1370.0 K TROOM= 283.0
MAXIMUM PARTICLE SIZEw 0.1313E-01 CM
PARTICLE DIAMETER= 0.1665E-02 CM
MINIMUM PARTICLE SIZE= 0.OOOOE+00 CM
PARTICLE ABS. VELOCITY= 0.1200E+03 CM/S
TIME,SEC
0. 1000E-O
0. 2000E -01
0. 3000E -01
0.4000E-01
0. 5000E -01
0.6000E-01
0.7000E-01
0.8000E-01
0.9000E-01
0. 1000E+00
0. 1 100E+00
0. 1200E+00
0. 1300E+00
0. 1400E+00
0. 1500E+00
0. 1600E+00
0.2150E+00
0.3000E+00
0.3900E+00
0.4800E+00
0.5700E+00
0.6600E+00
0.7500E+00
0.8400E+00
0.9300E+00
0. 1020E+01
0. 11 10E+01
TEMPERATURE,
0.1333E+04
0.1273E+04
0.1215E+04
0.1160E+04
0.1108E+04
0.1059E+O4
0.1012E+04
0.9684E+03
0.9271E+03
0.8881E+03
0.8513E+03
0.8166E+03
0.7838E+03
0.7528E+03
0.7236E+03
0.6961E+03
0.5706E+03
0.4433E+03
0.3666E+03
0.3255E+03
0.3043E+03
0.2936E+03
0.2883E+03
0.2857E+03
0.2844E+03
0.2837E+03
0.2834E+03
HEAT GEN., J
0.2727E-05
0.1297E-05
0.6713E-06
0.3653E-06
0.2508E-06
0.1736E-06
0.1206E-06
0.8371E-07
0.5799E-07
0.4003E-07
0.2750E-07
0.1879E-07
0.1277E-07
0.8623E-08
0.5790E-08
0.3866E-08
0.386iE-09
0.1022E-10
0.3350E-12
0.2678E-13
0.5400E-14
0.2148E-14
0.1288E-14
0.9678E-15
0.8187E-15
0.7370E-15
0.6856E-15
DISTANCE, CM
0.1171E+01
0.2287E+01
0.3352E+01
0.4371E+01
0.5348E+01
0.6286E+01
0.7187E+01
0.8054E+01
0.8891E+01
0.9698E+0i
0.1048E+02
0.1123E+02
0.1196E+02
0.1267E+02
0.1336E+02
0.1403E+02
0.1739E+02
0.2179E+02
0.2568E+02
0.2901E+02
0.3192E+02
0.3450E+02
0.3683E+02
0.3894E+02
0.4087E+02
0.4266E+02
0.4432E+02
HEIGHT, CM
0.1123E+01
0.2102E+01
0.2948E+01
0.3669E+01
0.4274E+01
0.4767E+01
0.5154E+01
0.5439E+01
0.5622E+01
0.5707E+01
0.5694E+01
0.5639E+01
0.5583E+01
0.5528E+01
0.5472E+01
0.5417E+01
0.5112E+01
0.4640E+01
0.4141E+01
0.3643E+01
0.3144E+01
0.2645E+01
0.2146E+01
0.1647E+01
0.1148E+01
0.6488E+00
0.1499E+00
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160 CONTINUE
IF(Y.LE.O.O) IFLAG=1
IF(IFLAG.EQ.1) PRINT 111,TIME,TWO,QOXD,XO,YO
IF(IFLAG.EQ.0) GO TO 80
VY=0.0
Y=0.0
VX=0.0
X=XO
HT=O.O
DELT=TIM
GO TO 140
C COMPUTE X DISTANCE
80 KX1=DELT*VO
LX1=DELT*FYX(AM1,VTOTCDX,DO.,RHOR)
KX2=DELT*(VO+LX1/2.0)
LX2=DELT*FYX(AM2,VTOT+LX1/2.0,CDXD,O.,RHOR)
KX3=DELT*(VO-LX1+2.*LX2)
LX3=DELT*FYX(AM3,VTOT-LX1+2.*LX2,CDX,D,O.,RHOR)
DX=(KX1+4.*KX2+KX3)/6.0
DVX=(LX1+4.*LX2+LX3)/6.0
X=XO+DX
VX=VO+DVX
C COMPUTE TEMPERATURE CHANGE
90 KT1=DELT*FT(AM1,DMDT1,TWO,HTD,TROOM)
KT2=DELT*FT(AM2,DMDT2,TWO+KT1/2.0,HT,D,TROOM)
KT3=DELT*FT(AM3,DMDT3,TWO-KT1+2.*KT2,HT,D,TROOM)
DT=(KT1+4.*KT2+KT3)/6.0
TW=TWO+DT
C
C COMPUT DRAG COEFF FOR NEXT TIME STEP
VTOT=SQRT(VX*VX+VY*VY)
RETOT=RHOR*VTOT*D/AMU(TW)
CD=0.44
IF(RETOT.GT.500.) GO TO 93
CD=18.5/(RETOT**0.8)
IF(RETOT.GT.2.0) GO TO 93
CD=24./RETOT
93 CONTINUE
C COMPUTE HEAT TRANSFER COEFF
IF(IFLAG.EQ.1) GO TO 116
AMUW=AMU(TW)
HT=HTC(CAIR,D,RETOT,AMUS,AMUW,0.714)
C
C DETERMINE NEW OXIDATION PARAMETERS
116 CONTINUE
C1=9340.
C2= -13760.
IF(TW.LT.1193.) GO TO 100
C1=4.68E8
C2= -26670.
100 IF(TW.LT.1493.) GO TO 110
C1=5.04E8
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THE VAPOR PROGRAM
INPUT, OUTPUT AND PROGRAM LISTING
D.l VAPOR MODEL EQUATIONS
The VAPOR code was developed to assess the potential
for generation of zirconium gas within the inner portions
of a piece of Zircaloy-2 clad undergoing rapid oxidation.
The postulated mechanism is that the chemical oxidation
energy deposited in the unreacted clad may exceed the rate
at which the oxidized outer thickness (which has a much
lower thermal conductivity) can either conduct away the
heat or ablate, with resultant vaporization (Cl).
The one-dimensional radial conduction model employed
in the code accounts for a fuel, gap and clad cross-section.
A finite difference grid for the model equations is shown
in Fig. D.l. The finite difference equations for transient
conduction are derived from energy balances performed over
the control volumes depicted in Fig. D.l. For example, the
energy balance for the center fuel/heater node may be writ-
ten as:
-kAdT q"'V + pcV dT = 0 D.1
A finite difference representation of this equation gives:
184
2T ~T' 2 1 _l_~__l
k (2rAr) 2 1J+ q"' Ar = T D. 2
Ar/2 aAt
which is finally reduced to:
T2 - T, 
qm T, 
- T,
4 2 + = -D.3
Ar R a At
where:
q"' = decay heat/input power volumetric generation
rate, (W/cm3
a = thermal diffusivity of fuel/heater node, (cm2 /S)
k = thermal conductivity of fuel/heater node,
(W/cm K)
T = temperature, (K)
Ar = radial distance, (cm)
and the superscript "lo" refers to old time temperature
values; new temperatures are not superscripted. The remain-
ing equations corresponding to Fig. D.1, though more com-
plex, are derived in a similar manner and may be inferred
from the program listing.
The chemical oxidation energy deposited in the clad
during any time period is calculated explicitly, using the
isothermal parabolic reaction law.
The VAPOR program was not used for quantitative analy-
sis in this report due to lack of modelling of axial con-
duction effects, mass transfer through the oxide layer, and
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thermophysical property data.
It was beyond the scope of this project to formulate
mechanistic models for clad oxidation. Should more data
on non-isothermal zirconium oxidation become available,
it is recommended that the heat transfer equations des-
cribed in this program be joined to the one-dimensional
radial mass-transfer equations described in reference Bl.
The mechanistic equations described in that report, which
neglect energy release via oxidation reaction, yielded
predictions in good agreement with experimental data.
D.2 VAPOR INPUT
The version of the VAPOR code in this appendix was
used in attempts to simulate the experimental data pre-
sented in Chapter 5. Input to the code is performed using
free format READ statements and DATA statements. Input
variables are defined below in order of input.
Input
Variable Nominal
Name Definition Value
timax Termination time for experimental
simulation, (sec)
nprntl Number of time intervals between
printouts during assembly heat-up
nprnt2 Number of time intervals between
printouts during oxidation reac-
tion
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tburn Time at which oxygen is introduced -
into the test assembly, (sec)
xcl NOT USED 0
xc2 NOT USED 0
delt Computational Time Step, (sec)
tempr Temperature of assembly at time= 0, 283
(K)
troom Temperature to which assembly ini- 283
tially loses energy, (K)
h Convective heat transfer coeffi-
cient, (W/cm2 K)
n Number of fuel volumes 5
m Number of clad volumes 10
qf Resistance heating power of heaters, -
(W/cm3)
Additional input values related to thermophysical properties
of the assembly have been given mnemonic variable names and
may be inferred from the program listing. A sample input
for the experimental assembly configuration is given in
Table D.l. Results for this case, at time = 360 seconds
(since the introduction of oxygen) are shown in Table D.2.
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TABLE D.l
VAPOR Input
Values input via DATA
Statements are:
timax = 3800.
nprntl = 60.
nprnt2 = 1.
tburn = 3600.
h = 0.002
qf = 20.
delt = 60.
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D.3 VAPOR OUTPUT
The following is a list of output variables, as they are in
order in the VAPOR output of Table D.2.
Output
Variable
Name
time
rin
qf
Definition
Elapsed time since introduction of oxygen,
(sec)
Outer radius of the unreacted Zircaloy clad,
(cm)
heater input linear power, (W/cm)
Total energy released by the oxidation reac-
tion, (W)
Radial node number:
1- n heater nodes
(n+ 1) - (n+ 3) gap nodes
(n + 3) - (n + m + 3) clad nodes
Radial distance of node from center, (cm)
Temperature at nodal locations, (K)
Energy released by oxidation reaction during
time step, (W)
qtot
first
column
second
column
third
column
fourth
column
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TABLE D-2
Sample Output Listing
time= 120.0 rin=0.544589
1 0.000000
2 0.070444
3 0.140889
4 0.211333
5 0.281778
6 0.317000
7 0.400500
8 0.484000
9 0.487263
0 0.493789
1 0.500316
2 0.506842
3 0.513368
4 0.519895
5 0.526421
6 0.532947
7 0.539474
8 0.546000
qf-w/cm=20.00
2243.71
2243.57
2243.02
2242.14
2240.94
2240.19
1594.73
1171.99
1171.98
1171.96
1171.94
1171.93
1171.91
1171.89
1171.88
1171.86
1171.84
1171.83
0.OOOOE+00
0.0000E+00
0.OOOOE+00
0.OOOOE+00
0.0000E+00
0.0000E+00
0.OOOOE+00
0.0000E+00
0.OOOOE+00
0.6287E+01
qtot= 0.3772E+03
0
0
0
0
0
0
0
0
0
0
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D.4 VAPOR PROGRAM LISTING
dimension aa(20) ,bb(20) ,cc(20),dd(20),to(20) ,t(20),r (20)
dimension condg(3),alphg(3),condc(20),alphc(20),qchem(20),iflg(20)
print," input: timax, nprnti, nprnt2, tburn, xci, xc2, delt"
read, timax,nprnti,nprnt2,tburn,xci,xc2,delt
nprnt=nprnt1
iflg2-0
tempr=283.
troom=283.
h=0.002
iflg3=0
time=0.
qtot=0.
n=5
m-10
nn=0
condf=0. 16297
alphf=0.042513
do 4 i=1,3
alphg (i)=0. 1554
4 condg(i)=2.13e-4
do 6 1=1,20
condc (1) =0.30
alphc (1)=0.7118
if1g (1)=0
6 qchem(1)=0.0
npi=n+1
np2=n+2
np3=n+3
np4=n+4
np5=n+5
nmp1=n+m+3
do 5 j=1,nmpi
t(j)=tempr
5 to(j)=tempr
tai r=troom
sig=5.67e-12
eps=0.25
rci=0.484
rco=0.546
rcl=rco-rci
r f=0.317
qf=20.
r i n=rco
rct=0.
drf=rf/ (n-0.5)
drc=(rco-rci)/(m-0.5)
drg=rc i -rf
r (1)=0.0
do 2 i=2,n
2 r(i)=r(i-1)+drf
r (npl)=r (n)+drf/2.
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r(np2)=r(npl)+drg/2.
r(nP3)=r(np2)+drg/2.
r(nP4)=r(nP3)+drc/2.
do 3 i=nP5,nmpl
3 r(i)=r(i-l)+drc
al=4./drf**2
bl=qf/condf
cl=l./(alphf*delt)
a2=1./drf**2
a3p=(drf/drg)*(4.*rf+drg)/(4.*rf+drf)
c3=2.*al
e3=8./drg**2
ag=l./drg**2
bg=l./(2.*(rf+drg/2.)*drg)
a5P=(drg/drc)*(4.*rci+drc)/(4.*rci+drg)
c5=e3
e5=8./drc**2
a6=1./drc**2
b6=1./(2.*(rci+drc/2.)*drc)
alp=(rco-drc/2.)/drc
cl=h*rco
d]P=0.5*(rco*drc-drc**2/4.)
elp=(rco*drc-drc**2/4.)/(delt*2.)
if(time.eq.0.) go to 37
60 nn=nn+l
61 a3=a3p*condf/condg(l)
d3=1./(alphg(l)*delt)
f3=a3*cl
g3=a3*c3
cg=l./(2.*alphg(2)*delt)
a5=a5p*condg(3)/condc(l)
b5=d3
d5=1./(alphc(l)*delt)
f5=a5*b5
g5=a5*c5
c6=qchem(2)/(condc(2)*r(np4)*drc*6.28)
d6=1./(alphc(2)*delt)
al=alp*condc(m)
bl=sig*eps*rco*(troom**2+t(nmpl)**2)*(troom+t(nmpl))
cl=h*rco
dl=qchem(m)/6.28
el=elp*condc(m)/alphc(m)
bb(l)=l.
zz=al+cl
cc(l)=-al/zz
dd (1) = (cl *to (1)+bl) /zz
do 10 i=2,n-1
zz=2.*a2+cl
aa(i)=-(a2*(I.-O-5/float(i)))/zz
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bb (i)=1.0
cc (i)=-(a2*(1.+0.5/float(i)))/zz
10 dd(i)=(cl*to(i)+bl)/zz
zz=a2*(3.+0.5/float(n))+c1
aa(n)=-(a2*(1.-0.5/float(n)))/zz
bb(n)=1.0
cc(n)=-(2.*a2*(1.+0.5/float(n)))/zz
dd (n)=(cl*to(n)+b1)/zz
zz=f3+g3+d3+e3
aa(npl)=-g3/zz
bb(npl)=1.0
cc(npl)=-e3/zz
dd (npl)=((f3+d3)*to(np1))/zz
zz=2.*ag+cg
aa(np2)=-(ag-bg)/zz
bb(np2)=1.0
cc(np2)=-(ag+bg)/zz
dd (np2)=(cg*to(np2))/zz
zz=f5+g5+d5+e5
aa(np3)=-g5/zz
bb(np3)=1.0
cc(np3)=-e5/zz
dd (np3) = ((f 5+d5) *to (np3) )/zz
zz=3.*a6-b6+d6
aa(np4)-(2.*(a6-b6))/zz
bb(np4)=1.0
cc(np4)=-(a6+b6)/zz
dd (np4)=(d6*to(np4)+c6)/zz
do 20 j=np5,nmpl-1
i-j-np3
c6=qchem(i)/(condc(i)*r (j)*drc*6.28)
d6=1./(alphc(i)*delt)
zz=2.*a6+d6
aa(j)=-(a6-1./(2.*(rci+(float(i)+0.5)*drc)*drc))/zz
bb (j) =1.0
cc(j)=-(a6+1./(2.*(rci+(float(i)+0.5)*drc)*drc))/zz
20 dd(j)=(d6*to(j)+c6)/zz
zz=al+bl+cl+el
aa(nmpl)=-al/zz
bb(nmpl)=1.0
dd(nmpl)=(el*to(m)+bl*troom+cl*tair+dl)/zz
call tridag(l,nmpl,aa,bb,cc,dd,t)
go to 62
if(iflg3.eq.1) go to 62
if(iflg2.ne.1) go to 62
iflg3=1
go to 61
62 continue
time=time+delt
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if(nn.ne.nprnt) go to 37
print," "
print 28, time,rin,qf,qtot
28 format(lx,"time=",f7.1,3x,"rin=",f8.6,3x,"qf-w/cm=",f5.2,3x,"qtot=",3xel0.4)
print," "
do 30 j=1,np3
print 32, j,r(j),(t(j)-273.)
32 format(3x,i5,5x,f8.6,3x,flO.2)
30 continue
nn=0
do 34 j=np4,nmpl
print 36, j,r(j),(t(j)-273.),qchem(j-np3),iflg(j-np3)
36 format(3x,i5,5x,f8.6,3x,flO.2,3x,elO.4,3x,i4)
34 continue
37 continue
if(time.gt.timax) go to 70
do 50 j=1,nmpl
50 to(j)=t(j)
rhozr=6500.
do 80 i=1,3
alphg(i)=4.896e-7*t(n+i)+1.325e-3*t(n+i)-.2197
80 condg(i)=alphg(i)*0.38783/t(n+i)
j=nmp1+1
90 continue
if(t(nmpl).gt.292.) trom=0.90*t(nmpl)
if(t(nmpl).gt.292.) tar=0.96*t(nmpl)
if(t(nmpl).gt.1300.) trom=0.89*t(nmpl)
if(t(nmpl).gt.1560.) trom=0.88*t(nmpl)
if(troom.lt.trom) troom=trom
if(tair.lt.tar) tair=tar
if(time.lt.tburn.and.iflg2.ne.1) go to 120
if(iflg2.eq.0) nn=0
if(iflg2.eq.0) time=delt
iflg2=1
if(t(nmpl).gt.1323.) eps=0.25+4.5e-4*(t(nmpl)-1323.)
nprnt=nprnt2
j=j-1
qchem(j-np3)=0.
xc1=9340.
xc2=13760.
if(t(j).lt.1193.) go to 100
xcl=4.68e8
xc2=26670.
if(t(j).lt.1428.) go to 100
xc1=5.04e5
xc2=14630.
100 continue
if(iflg(j-np3).eq.1) go to 90
if(j.1t.np4) go to 120
rct=rco-rin
ratek=xcl*exp(-xc2/t(i))
w=(ratek*delt)/(rhozr*rhozr)+rct*rct
rcn=sqrt(w)
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rinn=rco-rcn
if(rinn.gt.(r(j)-drc/2.)) go to 110
rinn=r (i)-drc/2.
iflg(j-np3)=1
110 qchem(j-np3)=(rin**2-rinn**2)*7.8e4*3.1416/delt
rin=rinn
if(iflg(j-np3).eq.1) go to 90
120 continue
xnu-4.2
tfilm-(tair+t(nmpl))/2.
h=xnu*(1.Oe-4+5.913e-7*tfilm)/(2.*rco)
do 130 1=1,m
ts=0.001*(1.8*t(np3+1)-32.)
condc(1)=((((.20635*ts-.5567)*ts+.6748)*ts-.13153)*ts+.68244)*.20768
if(iflg(1).eq.1) condc(1)=0.80*condc(1)
ccl=4.184*(7.le-2+1.75e-5*t(np3+1)-0.89e3/t(np3+1)**2)
if(t(np3+1).gt.1223.) ccl=0.364
alphc(1)=condc(1)/(6.5*ccl)
if(iflg(l).ne.1) go to 130
tcon=2.667e-3*t(np3+1)-3.12507
condc(1)=1.531e-3+6.027e-4*tcon+1.0434e-4*tcon**2
go to 133
ccl=((3.764e-9*t(np3+1)-1.667e-5)*t(np3+1)+0.02457)*t(np3+1)-0.81896
133 continue
alphc(1)=condc(1)/(6.5*ccl)
130 continue
do 140 k=1,m
140 qtot=qtot+qchem(k)*delt
go to 60
70 continue
end
subroutine tridag(if,1,a,b,c,d,v)
dimension a(1),b(1),c(1),d(1),beta(35),gam(35),v(35)
beta(if)=b(if)
gam(if)=d(if)/beta(if)
ifpl=if+1
do 1 i=ifpl,1
beta (i) =b (i) -a (i) *c (i-1) /beta (i-1)
1 gam(i)=(d (i) -a (i) *gam(i-1) )/beta (i)
v (1)=gam(1)
last=1-if
do 2 k=1,Iast
i=1-k
2 v(i)=gam(i)-c(i)*v(i+1)/beta(i)
return
end
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CLAD INPUT, OUTPUT AND PROGRAM LISTING
E.1 CLAD INPUT
The CLAD code, used to analyze the experimental test
assembly, is based on the stand alone SFUEL code which was
developed to analyze open frame spent fuel holders in
NUREG/CR0649. Input is entered under the heading $INPUT
and is defined below:
Input
Variable
Name
DELH
DELT
FL
FRAD*
G
HWOUT*
Description
Energy released by chemical
oxidation reaction, (J/cm3Zr)
Computational Time Step
Active fuel (heater) length,
(cm)
Radiative view factor (a dif-
ferent formulation of radiative
heat transfer is employed in
this code)
Nitrogen mass flow rate (gm/s)
Initial value of heat transfer
coefficient from exterior of
assembly, (W/cm2 K)
Nominal
Value
7.8e4
33.
0.0
0.0
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IH20* Flag indicating presence of water 0.0
in the storage assembly
N Number of axial node interfaces 11
NPRINT Number of time intervals between -
printout
NROD Number of rods in assembly 9
NTIME Number of time steps for program -
run
POWO Total power input to heater 1.35
array, (KW)
RC Clad outer radius, (cm) 0.546
RCI Clad inner radius, (cm) 0.484
RF Radius of heater element, (cm) 0.317
SMB* Axial power profile parameter 0.0
TIMEO* Decay heat parameter 4.0e6
TO Initial temperature of assembly, 283.
(*K)
TSAO Ambient temperature outside the 283.
canister, (*K)
W Width of the zirconia duct in 5.08
which the rod array is placed,
(cm)
XCS* Distance between clad and struc- 0.0
ture, (cm)
XOX* Initial oxide thickness, (cm) 0.0
199
XS Thickness of zirconia liner, 0.254
(cm)
XW Radial average thickness of 5.84
alumina fluff, (cm)
Note that the asterisked (*) quantities are input in the
present version only to satisfy the namelist read state-
ment; otherwise, these variables are not used in the pro-
gram. A sample input listing for the experimental simula-
tion is given in Table E-l.
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TABLE E-1
Sample Input Listing
$INPUT
RF
w
FL
Powo
TSAO
FRAD
RCI
xCS
N
NTIME
DELT
G
= 0.317
= 5.08
= 38.1
= 1.35
= 283.
= 0.0
= 0.484
= 0.0
= 11.
= 360.
= 10.
= 12.0
RC
xS
HWOUT
TIMEO
SMB
TO
xox
NROD
NPRINT
IH20
xw
= 0.546
= 0.254
= 0.0
= 4.0e6
= 0.025
=-283.
= 0.0
= 9.
= 6.
= 0.
= 5.84
TIME = 0.i0OE+02 PEXIT - 0.000E+00 G - 0.252E+00 PHI - 0.000E+00 KIT a
36 DELT * 0.100E+02
TCENT
0.33706E+03
0.43768E+03
0.52304E+03
0.58551E+03
0.62817E+03
0.65504E+03
0.66863E+03
0.66422E+03
0.60642E+03
0.32986E+03
RIN(I)
0.54600E+00
0.54600E+00
0.54600E+00
0.54600E+00
0.54600E+00
0.54600E+00
0.54600E+00
0.54600E+00
0.54600E+00
0.54600E+00
TCAVG
0.33679E+03
0.43735E+03
0.52262E+03
0.58504E+03
0.62767E+03
0.65453E+03
0.66813E+03
0.66377E+03
0.60622E+03
0.32986E+03
OF(I)
0.13500E+03
0.13500E+03
0.13500E+03
0.13500E+03
0.13500E+03
0.13500E+03
0.13500E+03
0.13500E+03
0.13500E+03
0.13500E+03
0.486E+06 ECHEM =
0.766E+05 OSTR -
0.135E+04 PCHEM -
TAVE( I)
0.12851E+03
0.31371E+03
0.42830E+03
0.51054E+03
0.56841E+03
0.60695E+03
0.63010E+03
0.63812E+03
0.61626E+03
0.49024E+03
TSIN(I)
0.13170E+03
0.30691E+03
0.41443E+03
0.48974E+03
0.54122E+03
0.57440E+03
0.59339E+03
0.59798E+03
0.57179E+03
0.44325E+03
QCHEM(I) OCOND(I)
0.OOOOOE+00
0.00000E+00
0.00000E+00
0.00000E+00
0.OOOOOE+00
0.00000E+00
0.00000E+00
0.00000E+00
0.OOOOOE+00
0.00000E+00
0.000E+00 EFUEL -
0.687E+05 ECHOX -
0.0O0E+00 PCONV -
0.15E+02 POCHEM - 0.000E+00 POCONV
-0.38587E+01
-0.26516E+02
-0.22487E+02
-0.16458E+02
-0.11241E+02
-0.70829E+01
-0.35876E+01
0.11488E+01
0.15178E+02
0.72876E+02
TSOUT( I)
0.10130E+03
0.22635E+03
0.29522E+03
0.33863E+03
0.36540E+03
0.38098E+03
0.38887E+03
0.38912E+03
0.37051E+03
0.28353E+03
OT(I)
0.14596E+03
0.10975E+03
0.95152E+02
0.82205E+02
0.70012E+02
0.59349E+02
0.49604E+02
0.35272E+02
-0.74332E+01
-0.15678E+03
TWIN( I)
0.10130E+03
0.22635E+03
0.29522E+03
0.33863E+03
0.36540E+03
0.38098E+03
0.38887E+03
0.38912E+03
0.37051E+03
0.28353E+03
EXI(I)
0.29943E+01
0.88247E+01
0.14818E+02
0.20831E+02
0.26287E+02
0.30716E+02
0.33876E+02
0.35480E+02
0.34250E+02
0.25763E+02
TWOUT(I)
O.10000E+O2
0.12867E+02
0.13709E+02
0.14192E+02
0.14472E+02
0.14631E+02
0.14719E+02
0.14729E+02
0.14479E+02
0.13076E+02
EX2(I)
0.00000E+00
0.20750E+00
0.24016E+00
0.25245E+00
0.25433E+00
0.25112E+00
0.24549E+00
0.23686E+00
0.21417E+00
0.13022E+00
0.303E+06 ECONV * 0.172E+05 DELE 0.201E+05
0.000E+00
0.107E+03 PRAD * 0.307E+03 POUT * 0.234E+03 DELP =
- 0.549E+00 PDRAD - 0.594E+01 PDOUT a 0.302E+01
RHO(I)
0.12471E-02
0.67867E-03
0.54012E-03
0.47107E-03
0.43149E-03
0.40803E-03
0.39434E-03
0.38730E-03
0.38739E-03
0.40682E-03
FOX(I) I5(I)
0.23000E+00 0
0.23000E+00 0
0.23000E+00 0
0.23000E+00 0
0.23000E+00 0
0.23000E+00 0
0.23000E+00 0
0.23000E+00 0
0.23000E+00 0
0.23000E+00 0
0. 702E+03
JT
1
2
3
4
5
6
7
8
9
10
EGEN -
ORAD -
PGEN -
POGEN
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E.2 CLAD OUTPUT
A sample output for the experiment simulation is shown
in Table E-2, corresponding to a step in the transient heat
shown in Fig. 5.4. The output corresponds to the pre-oxi-
dation conditions of the experiment, for an elapsed time of
360 seconds. As described below, the output variable "TIME"
gives time from the introduction of oxygen, while the total
elapsed time for the experiment is given by:
TOTAL ELAPSED TIME = JT * DELT (seconds)
The output is defined below in order of appearance in Table
E-2.
Output
Variable
Name
TIME
PEXIT
G
PHI
Description
Time from introduction of airflow (sec);
during pre-oxidation heat-up, this equals
DELT
Not used in this program version
Total mass flow rate (02+ N2), (gm/s)
Not used in this program version
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KIT
JT
DELT
I
TCENT
TCAVG
TAVE (I)
TSIN (I)
TSOUT (I)
RHO (I)
RIN (I)
QF(I)
QCHEM(I)
QCOND(I)
QT (I)
Number of successive substitution iterations
performed to properly account for radiative
heat transfer
Number of time intervals elapsed
Computational Time Step
Axial nodal location, where I= 1 is the base
of the assembly and I= 10 is the top
Temperature of center rod in the array at
axial location I, (*C)
Average temperature of all rods at location
I, (*C)
Average airflow temperature at location I,
(*C)
Temperature of air-side of zirconia liner,
(*C)
Temperature of alumina fluff side of zirco-
nia liner, (*C), (also equal to TWOUT(I))
Density of gas flow at location I, (gm/cm )
Outer radius of unreacted clad, (cm)
Heater input power in the rod array at axial
location I, (W)
Energy released by chemical oxidation, (W)
Energy conducted into heater/clad at loca-
tion I, (W)
Total energy exchange between rod array,
airflow and zirconia liner, (W)
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EXl(I) Energy absorbed by zirconia liner, (W)
EX2(I) Energy removed by natural convection from
the exterior of the canister, (W)
FOX Oxygen mass fraction at axial location I
IS(I) Flag indicating regime of oxidation kinetics
1 - kinetics rate-limited
2 - diffusion rate-limited
EGEN Energy, power and heat flux input to system
PGEN 2
PDGEN via heaters, (J), (W), and (W/cm ) respec-
tively
ECHEM Energy, power and heat flux via oxidation
PCHEM 2
PDCHEM reaction, (J), (W), and (W/cm ), respectively
EFUEL Energy stored in the heater and clad, (J)
ECONV Energy, power and heat flux input to airflow
PCONV
PDCONV and convected out of the assembly, (J), (W),
and (W/cm 2), respectively
DELE Energy and power imbalances-present version
DELP
does not account for convective loss from
outside of canister, (J), (W), respectively
QRAD Energy, power and heat flux out of the ends
PRAD
PDRAD of the rod assembly by radiation, (J), (W),
(W/cm 2), respectively
QSTR Energy, power and heat flux to zirconia liner
POUT 2
PDOUT and insulating canister, (J), (W), (W/cm2)
respectively
ECHOX Energy stored in oxidized clad layers, (J)
(113a',c Z) / (*i/ (ZO* -Zda *LW) =dSJ
Z-da/ C Z/Zba-LWI =5V
(Zba-%.9b Z) /P1 =98
(~0~~Z) P' I=58
Z~~) /I' i=
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TC (N) =0.
TCN (N) =0.
TCX (N)=O.
TCXN (N)=0.
TSIN (N)=O.
TSINN(N)=o.
TSOUT(N)=0.
TWIN (N)=O.
TWOUT(N)=0.
RHO (N) =0.
QF (N)=O.
QT(N)=O.
QS(N)=O.
QW(N)=O.
QCHEM(N)=0.
FOX(N)=0.23
EGEN=0.0
ECHEM=0.0
CHOX=O.
EFUEL=0.0
ESTR=0.0
ECONV=0.0
QRAD=0.0
QSTR=O.0
TIME=O.0
DELTO=DELT
NP=O
F=1.0
G=G*0.021
C START TIME LOOP
DO 70 J=1,NTIME
JT=J
TIME=TIME+DELT
DO 30 I=1,NM1
T (I) =T I0 (1)
TC (I)=TCN (I)
TCX (I)=TCXN(I)
30 TSIN(I)=TSINN(I)
C START DETERMINATION OF AIR PROPERTIES
GNI=0.77*G
GOX(1)=0.23*G
GI=G
DO 38 I=1,NM1
KIT=O
11=1
FOX(1+1)=GOX(1+1)/(GoX(1+1)+GNI)
Gl=.5*(GOX(I)+GOX(1+1))+GNI
45 KIT=KIT+1
CALL APROP(GI,DE,TSIN(I),T(I),P(I),RHO(I),CP,RE(I),HSIN,SMF,A
1 ,FOX(I),CPOX,CPNI,RA,HDR(I))
CALL APROP(GI,DETCX(I),T(I),P(I),RHO(I),CP,RE(I),HR,SMF,A
1 ,FOX(l),CPOX,CPNI,RA,HDR(I))
IF (HSIN.EQ.0.) HSIN=1.E-20
WK1=RHO(I)*CPNI*A*DELX/DELT
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SUBROUTINE CHEM(TCRCT,RCTTQC,RIN,RINNFOX)
COMMON AR,DELX,RCI,RC,DELT,DELH
QC=0.
RCL=RC-RCI
IF (RCT.GE.RCL) GO TO 40
C1=9340
C2=13760.
C3=0.0
IF(TC.LT.1193.) GO TO 10
C1=4.68E8
C2=29000.
IF(TC.LT.20000.) GO TO 10
CI=5.04E5
C2=15630.
10 CONTINUE
RHOZR=6.5E+3
RCT=RC-R I N
RATEK=C1*EXP(-C2/TC)
W=(RATEK*DELT)/(RHOZR*RHOZR)*1. + RCT*RCT
RCN=SQRT (W)
IF(RCN.GT.RCL) QC=O.
IF(RCN.GT.RCL) GO TO 41
RINN=RC-RCN
RCTT=RIN-RINN+1./6500.
IF(RINN.GT.RCI) GO TO 40
41 CONTINUE
RINN=RCI
RIN=RCI
RCTT=RCT
QC=O.0
40 CONTINUE
RETURN
END
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SUBROUTINE APROP(GDETC,T,P,RHOCPREH,SMF,A
1 ,FOXCPOXCPNIRA,HD)
AMOX=32.00
AMNI=28.16
AMAIR=1./(FOX/AMOX+(1.-FOX)/AMNI)
RU=8.3144E+7
RA=RU/AMAIR
P0=1.01325E+6
TBAR=(TC+T)/2.
RHO-PO/(RA*T)
CPOX=0.27*4.184
CPNI=0.27*4.184
CP=FOX*CPOX+(1.-FOX)*CPNI
XMU=0.146E-4*(TBAR**1.5)/(TBAR+109.58)
RE= (G*DE) / (XMU*A)
PR=0.714
SMK=CP*XMU/PR
SC=0.748
DIF=XMU/(RHO*SC)
IF(RE.GE.3000.) GO TO 10
XNU=10.02
SMF=25./(RE+1.E-5)
GO TO 15
10 XNU=.023*(RE**.8)*(PR**.4)
SMF=.00140+.125*(RE**(-.32))
15 H=SMK*XNU/DE
HD=DIF*XNU/(DE*2.)
RETURN
END
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SUBROUTINE WCONV(XTWTOHW)
SIG=5.67E-12
FWR=O.
EPW=0.4
EPO=0.7
EPWO=1./((1./EPW)+(1./EPO)-1.)
SMG=980.
P0=1.01325E+6
RA=2.768E+6
TBAR=TW-0.38*(TW-TO)
BETA=1./TBAR
RHO=PO/(RA*TBAR)
XMU=0.146E-4*(TBAR**1.5)/(TBAR+109.58)
IF(X.LT.1.E-10) GO TO 20
GRX=SMG*BETA*(RHO**2.)*(X**3.)*(TW-TO)/(XMU**2.)
IF(GRX.GT.1.E+9) GO TO 10
C LAMINAR BOUNDARY LAYER ON WALL
IF(GRX.LT.O.O) GO TO 20
XNU=0.360*(GRX**0.25)
GO TO 20
C TURBULENT BOUNDARY LAYER ON WALL
10 XNU=0.1160*(GRX**0.333333)
20 CONTINUE
CP=0.28*4.184
PR=0.714
SMK=CP*XMU/PR
HW=SMK*XNU/X
HWR=FWR*SIG*EPWO*(TW+TO)*(TW*TW+TO*TO)
HW=HW+HWR
RETURN
END
SUBROUTINE TRIDAG(A,B,C,D,V)
DIMENSION A(1),B(1),C(1) ,D(1),V(7),BETA(10),GAM(10)
BETA (1) =B (1)
GAM(1)=D(1)/B(1)
DO 1 1=2,7
BETA (I)=B (I) -A (I) *C (I-1)/BETA (I-1)
1 GAM(I)=(D (I) -A (I) *GAM(I-1) ) /BETA (I)
V (7) =GAM (7)
DO 2 K=1,6
1=7-K
2 V(I)=GAM(I) -C(I) *V(1+1)/BETA (I)
RETURN
END
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